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Definition
“Coeliac disease; a malabsorption syndrome precipitated by ingestion of gluten-containing 
foods and marked by diarrhea with bulky, frothy, fatty fetid stools, abdominal distention, 
weight loss, asthenia, deficiency of vitamins B, D, and K, and electrolyte depletion” 
(from 24th Edition of Dorland’s Pocket Medical Dictionary, DM Anderson, WB 
Saunders Comp, Philadelphia). When I started this research six years ago, one of my 
first encounters with coeliac disease was this rather graphic description that, admittedly, 
features a certain poetic beauty.

Aim 
The aim of this thesis was to gain insight into the pathogenesis of coeliac disease 
by means of a genomics approach. More explicitly, we carried out integrated genetic 
analysis and gene expression studies to identify, and gain better understanding of 
the genes and mechanisms behind the pathology and etiology of coeliac disease. 

Outline
In the introductory chapters 1 and 2 (in Dutch with English summary), coeliac 
disease is presented as a gluten-intolerance and complex genetic disorder. 
Information is provided on the currently identified susceptibility genes and loci. 
Genetic strategies for the identification of new at-risk genes are discussed, and 
include sib-pair linkage analysis and genetic association. Gene expression studies 
are discussed as a tool for gaining insight into the pathology and for identifying 
genes and molecular pathways to aid the genetic analysis. Special emphasis is 
placed on the new high-throughput screening technologies and their application 
for gene expression studies is described in section II. In chapter 3 we deal with 
the issue of heterogeneity in patients’ tissue samples and to what extent this has 
an impact on gene expression studies. Much to our surprise, we observed that 
gene expression mosaicism was always present, regardless of whether there was 
tissue patchiness or not. This led us to propose a model to explain the emergence 
of tissue patchiness from the existing gene expression mosaicism. Our first 
genome-wide expression study using cDNA-microarrays is described in chapter 
4. In these experiments we compared patients with flat mucosa to controls and 
identified several dynamic processes, including proliferation and differentiation. 
The differentiation-stimulating and proliferation-attenuating gene TM4SF4 that 
emerged in this study also appears in chapters 3 and 5. An alternative strategy, 
using oligonucleotide-microarrays and patients in various degrees of remission, 
is described in chapter 5. Here we demonstrated that incomplete differentiation 
of enterocytes causes the impairment of multiple nutrient-absorption functions of 
the intestine, which can be related to the diverse clinical features seen in coeliac 
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disease patients. In addition, we observed the loss of intestinal detoxification, a 
feature that has also been reported for inflammatory bowel disease. 

In section III we depart from the genome-wide approach and focus on a 
specific molecular pathway, the tight junction gene network. Epithelial tight 
junctions seal the luminal environment from the internal circulation and a breach 
in this barrier could contribute to the pathogenesis of coeliac disease. Chapter 6 is 
a descriptive study of the transcriptional activity of the genes comprising the tight 
junction network and how they change under the influence of coeliac disease. The 
same gene network was investigated in a genetic association study that made use of 
single nucleotide polymorphisms and linkage disequilibrium maps. This yielded 
two candidate genes that not only contribute to coeliac disease susceptibility, but 
also enhance the risk of developing inflammatory bowel disease. 

Section IV deals with the genomics of candidate genes related to the immune 
defense. Interferon-gamma (IFNG) is the major pro-inflammatory cytokine that 
drives the adaptive immune response in coeliac disease and evokes the tissue 
remodeling that leads to a flat mucosa. In chapter 8 we describe the relationship 
between IFNG expression and the extent of mucosal remodeling in patients. 
Two types of genetic analyses, using a microsatellite from the first intron of 
this gene, failed to reveal any association in Dutch patients. However, by using 
genetic analysis with single nucleotide polymorphism markers we were able to 
demonstrate weak association, as described in chapter 9. The SPINK gene family 
plays an important role in tissue preservation and bacterial containment, and 
could be considered part of the innate immune system. Particularly the interesting 
location in the genome of individual members of this gene family led us to decide 
to perform a genetic association test. However, no association could be observed in 
Dutch coeliac disease patients, as reported in chapter 10. Finally, in the Discussion, 
I attempt to unify our findings, and those of other workers, into a model for the 
pathogenesis of coeliac disease.
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SECTION I 
 

INTRODUCTION





Chapter 1

A combined genetics and genomics 

approach to unravelling molecular 

pathways in coeliac disease

MC Wapenaar and C Wijmenga

Novartis Found Symp 2005; 267:113-34  
 

(reproduced with permission from John Wiley & Sons Limited)



Chapter I - A combined genetics and genomics approach to CD

17



Chapter I - A combined genetics and genomics approach to CD

17

A combined genetics and genomics
approach to unravellingmolecular
pathways in coeliac disease
Martin C. Wapenaar and Cisca Wijmenga1

Complex Genetics Group, Department of Biomedical Genetics, University Medical Centre
Utrecht, Universiteitsweg 100, 3584 CG Utrecht, The Netherlands

Abstract.Coeliac disease (CD) is a complex, in£ammatory disorder of the small intestine
induced by gluten. It is common and has a prevalence of*1:200 in Western populations.
A major known susceptibility locus for CD is theHLA-DQ locus. However, the genetic
contribution of this region is limited to*40%, so non-HLA genesmust also be involved
in the disease aetiology. Genetic studies have so far identi¢ed multiple loci that may
potentially be involved in disease aetiology, although the majority of these loci are
expected to point to genes with a small e¡ect. A major CD locus on chromosome 19
was recently identi¢ed in the Dutch population. Interestingly, there is some marked
overlap when comparing genetic linkage studies conducted in di¡erent autoimmune
disorders, suggesting that common pathways contribute to these diseases. This
knowledge may eventually help in identifying some of the disease genes. To identify the
true disease-causing genes, linkage analysis needs to be followed by genetic association.
Because of the nature of the probable mutations, it is to be expected that the investigation
of gene expression data can assist in selecting candidate genes from linkage regions.
Furthermore, expression data will point to the molecular pathways involved in the
disease pathogenesis.

2005 The genetics of autoimmunity. Wiley, Chichester (Novartis Foundation Symposium 267)
p 113^144

Coeliac disease (CD; MIM 212750) is a chronic disorder caused by an
in£ammatory response to gluten, a dietary product present in wheat, barley and
rye. Ingestion of gluten by CD patients leads to £attening of the duodenal
mucosa, a gradual process classi¢ed according to Marsh (Fig. 1). CD occurs
largely in Caucasians. The disease is less common in men, with a male to female
ratio of 1:3. Recent studies revealed that the prevalence of CD is 1 in 100^300,
which is much higher than previously thought. Although CD is one of the most

1This paper was presented at the symposium by Cisca Wijmenga to whom all correspondence
should be addressed.
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common forms of food intolerance in the world, approximately 85% of a¡ected
individuals go unrecognized.

Clinical presentation

The clinical presentation of CD comprises a wide spectrum of symptoms, most of
them related to the malabsorption of nutrients from food. Typical symptoms of
childhood CD include chronic diarrhoea, abdominal distension and a failure to
thrive. Recurrent aphthous lesions in the mouth, dental enamel defects, fatigue,
or an isolated iron-de¢ciency (anaemia) may also be manifestations of CD, both
in children and adults. Other manifestations of CD may be dermatitis
herpetiformis and osteoporosis. Moreover, infertility or recurrent abortions have
also been observed in women with CD. Besides the paucisymptomatic
presentation, some patients are even asymptomatic. Strict adherence to a gluten-
free diet results in complete restoration of the small intestine and disappearance of
the clinical symptoms.

CD is diagnosed in *4.5% of patients with type 1 diabetes mellitus (T1D) and
autoimmune thyroid disease (ATD). Similarly, approximately 5% of patients with
ATD are found to be positive for CD. This co-morbidity may suggest a common
disease aetiology.

In recent years, serological tests have become available to screen for CD.
However, the standard for CD diagnosis is still an intestinal biopsy sampling, an
invasive procedure that requires general anaesthesia.

CD is a multifactorial disorder

CD is a typical example of a multifactorial disorder, i.e. a disease caused by the
combined action of several genes and environmental factors. A recent Italian
twin study found higher concordance rates for CD in monozygous (MZ) twins
(86%) than in dizygous (DZ) twins (20%), indicating a strong genetic component
in the development of CD (Greco et al 2002). CD aggregates in families with an
approximate 10% recurrence risk for siblings of CD patients. So, based on a
population prevalence of 0.5%, the sibling relative risk (ls) for development of
CD is 20. There is, however, no Mendelian inheritance of the disease in families,
suggesting that the genetic predisposition is derived from more than one gene. An
important role for environmental factors is evident from the less than 100%
concordance rate in MZ twins. So far, gluten is the only proven risk factor; it is
also the major environmental risk factor for CD.

A strong association between HLA-DW3 and CD was identi¢ed as far back as
1976 (Keuning et al 1976). We now know that the primary association is with the
genes encoding the HLA-DQa1 and HLA-DQb1 peptides of the HLA-DQ2
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heterodimer, localized in the major histocompatibility complex (MHC) on
chromosome region 6p21.3. The HLA-DQ2 molecule, encoded by the HLA-
DQA1*05 andHLA-DQB1*02 alleles in either the cis or the trans con¢guration,
is expressed by more than 90% of CD patients. This is in strong contrast to the
frequency of HLA-DQ2 carriers in the general population, which is 20^30%. A
causal role for HLA-DQ2 has been demonstrated as this molecule can present the
gluten-derived peptides to T cells.

Although HLA-DQ2 seems to be necessary for CD development, it is certainly
not su⁄cient in itself. HLA-DQ2 alone can explain some 40% of the genetic
variation underlying CD, implying that there are other non-HLA genes which
are also important determinants of disease aetiology. A full understanding of the
molecular events involved in the disease pathogenesis involves identi¢cation of the
full repertoire of disease susceptibility genes.

Genetic studies conducted in CD

Both family-based linkage studies and population-based association studies have
been performed to identify non-HLA genes (Fig. 2).

Genomewide linkage studies

Genomewide linkage studies have identi¢ed a number of putative loci across
di¡erent populations (table 1), apart from the well-established HLA association.
A locus on 5q31^q33 (CELIAC2) has been repeatedly identi¢ed in various
genomewide linkage screens as well as in a meta- and mega-analysis by a large EU
consortium, albeit with only suggestive evidence inmost of the studies, implying a
locus of modest e¡ect. Interestingly, this same region has been implicated in
in£ammatory bowel disease (IBD) (IBD5; Rioux et al 2001), ATD (Sakai et al
2001), asthma (Xu et al 2001) and rheumatoid arthritis (RA) (Tokuhiro et al
2003), suggesting common in£ammation and/or autoimmunity genes. The
5q31^q33 region contains a number of cytokine genes, none of which has so far
shown association to CD (Ryan et al 2004) or to any of the other diseases in this
region. Furthermore, the CELIAC3 locus encompassing the cytotoxic T-
lymphocyte-associated antigen 4 (CTLA4) gene on chromosome 2q33 has been
identi¢ed by both linkage and association studies in several di¡erent populations.
However, this locus is considered to confer only a very modest risk for
susceptibility to CD pathogenesis. CTLA4 is an interesting functional candidate
gene for T cell-mediated disorders. This is also in concordance with the
identi¢cation of strong association between single nucleotide polymorphisms
(SNPs) in CTLA4 and type 1 diabetes (T1D), Graves’ disease (Ueda et al 2003)
and asthma.More recently a signi¢cant locus on chromosome 19 (CELIAC4) was
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identi¢ed in the Dutch population (van Belzen et al 2003), which awaits formal
replication. The EU meta-analysis also suggested this locus, although the lod
score was modest (Babron et al 2003). Surprisingly, this same region showed
suggestive evidence for linkage in a recent meta-analysis of Crohn’s disease (van
Heel et al 2004). Ten additional genetic loci have been identi¢ed for CD that await
formal replication (Table 1). Amongst these, the 9p21^p13 locus is of interest since
this region has now been implicated in three di¡erent studies. Apart from the
suggestive linkage with a lod score of 2.61 found by van Belzen et al (2004),
studies in the Swedish/Norwegian (Naluai et al 2001) and the Finnish population
(Liu et al 2002) showed lod scores of 1.78 and 1.11, respectively,withmarkers from
the same region. Another interesting locus is on 6q21 (van Belzen et al 2003) since
this region may also contain loci for T1D (IDDM15; Cox et al 2001), multiple
sclerosis (MS) (Akesson et al 2002) and RA (Jawaheer et al 2003). It cannot be
excluded that some of the CD genes actually predispose to a general susceptibility
to autoimmunity and/or in£ammation. Given the high co-morbidity of CD with
other autoimmune disorders, common pathways may be involved in the
destruction of the target tissues. Such a hypothesis, alluded to as the ‘common
variants/multiple disease’ model, implies that many disease genes may not be
disease-speci¢c. Interestingly, this hypothesis might be correct as a comparison
of a large number of linkage screens for autoimmune disorders showed
substantial non-random clustering (Becker et al 1998).

So far 10 di¡erent genomewide linkage scans have been performed for CD.
There is growing evidence that at least some of the regions identi¢ed will contain
true susceptibility genes. Why has it been so di⁄cult to identify these loci and why
are there so many di¡erences found by the various studies? There are a number of
remarks we can make:

. In general, each of the samples studied is relatively small, ranging from a single
large family to 102 families consisting only of a¡ected pairs of relatives. Hence,
each study has limited power in detecting new loci and even less power to
replicate ¢ndings obtained in other studies.

. A large number of di¡erent populations have been studied, ranging from
genetically homogeneous populations such as the Finns, to rather outbred
populations such as the Americans. Therefore, it cannot be excluded that
population-based di¡erences are present in the magnitude to which the
di¡erent loci contribute to disease susceptibility. This is actually already
evident for both the CELIAC2 and CELIAC3 loci. For example, the Italian
population shows strong linkage to CELIAC2 on 5q31^q33 whereas most
other populations show only modest lod scores that usually do not exceed the
level of suggestive evidence for linkage.
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. Although the gold standard for diagnosing CD is an intestinal biopsy, it is also
clear that not every patient included in the published studies has been subjected
to the same stringent diagnostic criteria. A study in the Netherlands in which all
initial biopsieswere re-evaluated by the same pathologist who specialized inCD,
revealed some 20% misclassi¢ed samples, which were then excluded from the
genomewide screen (van Belzen et al 2003). Inclusion of these samples might
have seriously jeopardized ¢nding signi¢cant linkage.

Functional candidate gene studies

Based on our limited knowledge of the disease process underlyingCD, a number of
pathways have been implicated, and hence genes from these pathways have been
tested for their possible involvement in CD by genetic association studies. The
most studied genes include those from immunological and in£ammatory
response pathways, including CTLA4, interferon gamma (IFNg), interleukin
12B (IL12B) and interleukin 6 (IL6). In addition, transglutaminase 2 (TG2) has
been studied because of its role in glutenmodi¢cation. So far, none of these studies
have shown evidence for involvement in CDpathogenesis, apart from inconsistent
results obtained forCTLA4 (see Table 2), both with respect to genetic association
with SNPs inCTLA4 as well as withmarkers covering theCELIAC2 region (for
an overview see Holopainen et al 2004). These results might suggest that the true
susceptibility CD gene from this region has not yet been identi¢ed since rather
strong association was observed for a region 2 Mb away from CTLA4. For the
other functional candidate genes that were tested, it is probably still too early to
truly exclude them since they might not always have been studied in a proper way.
As the risk associated with most of the functional candidate genes is probably
extremely modest� since the chromosomal regions to which they map usually
do not show up in linkage studies�most studies might have been
underpowered. Moreover, the incorrect gene variant might have been studied
due to a lack of knowledge on the linkage disequilibrium structure of the gene.

How to go from a linkage region to a disease gene?

There are a number of promising linkage regions to investigate further for true CD
susceptibility genes, includingCELIAC2 (5q31^q33),CELIAC4 (19p13.1), and
the regions on 9p21^p13 and 6q21. Unfortunately, each of these regions is several
megabases in size and contains at least 100 di¡erent genes. None of the regions
harbour obvious candidate genes, requiring the entire candidate regions to be
scrutinized for the true disease susceptibility gene. The general strategy is to
perform association studies across the entire region with SNPs tagged towards all
the haplotypes spanning the locus. Once positive association is observed this
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should be replicated in independent populations that also show linkage to the same
region. This strategy however assumes that the underlying disease mutation or
variation is a common variant� this is generally alluded to as the common
variant/common disease (CV/CD) theory. There is ample evidence that this CV/
CD theory is indeed correct. Well-known examples include the factor V Leiden
mutation in relation to venous thrombosis, and the ApoE4 allele in Alzheimer’s
disease. There is, however, also evidence to the contrary.Many di¡erentmutations
have been identi¢ed in the NOD2 gene that plays a role in the aetiology of IBD
(Hugot et al 2001).

In Mendelian diseases the majority (59%) of mutations involve in-frame amino
acid substitutions. For non-Mendelian multifactorial disorders we might however
expect a quite di¡erent distribution of the types of mutations, such as regulatory
mutations� these account for only 0.8% of the total in Mendelian disorders. The
net e¡ect of such mutations might be a change in the level of gene expression, as
described recently for CTLA4 (Ueda et al 2003). Another example includes

TABLE 2 Association studies of the CELIAC 3 region encompassing CD28/CTLA4/
ICOS

Population Associated locus P-value

Map location
(Ensemble
v20.34c.1)

Distance
to
CTLA4 Reference

French CTLA4 (+49*A)50.0001 204941 kb ^ Popat et al 2002aa

Finnish D2S116 0.0001 201870 kb 3071 kb Popat et al 2002aa

Swedish/ D2S2392 0.037 199913 kb 5028 kb Popat et al 2002aa

Norwegian D2S2214 0.044 202933 kb 2008 kb

CTLA4 (+49*A) 0.012 204941 kb ^

UK D2S2214 0.007 202933 kb 2008 kb King et al 2002

Italian CTLA4 (+49*A) 0.003 204941 kb ^ Mora et al 2003

Swedish CTLA4 (+49*A) 0.02 204941 kb ^ Popat et al 2002b

Finnish ICOS haplotype 0.0006 205011 kb 70 kb Haimila et al 2004

Meta-analysisb D2S116 0.0006 201870 kb 3071 kb Popat et al 2002a

D2S2214 0.0014 202933 kb 2008 kb

CTLA4 (+49*A) 0.019 204941 kb ^

Meta-analysis D2S72 0.017 204962 kb 21 kb Holopainen et al

EU-CD D2S2214 50.05 202933 kb 2008 kb 2204

consortiumc

aThis reference summarizes seven di¡erent studies.
bThe meta-analysis consist of CD families from Italy, Tunisia, Finland, Sweden, Norway, the Netherlands,
UK, France and northern Europe.
cThe EU consortium consists of CD families from Finland, Sweden, Norway, UK, France and Italy.
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psoriasis, where a disease-associated SNP leads to the loss of aRUNX1binding site
and might be responsible for the three- to ¢vefold down-regulation of SLCA3R1
in activated T cells (Helms et al 2003). Interestingly, regulation of SLC22A4
expression by RUNX1 is associated with susceptibility to RA (Tokuhiro et al
2003). These examples suggest that studies aimed at genomewide expression
pro¢ling might actually aid in identifying those disease susceptibility genes that
are associated with changes in transcription levels.

Gene expression pro¢ling

Identi¢cation of genes with altered expression due to their involvement in disease
aetiology and/or pathology is facilitated by microarray hybridizations or
quantitative real time polymerase chain reaction (qRT-PCR). Microarray
hybridization allows genomewide probing of transcriptional activity, although
the currently available arrays are incomplete with respect to genome coverage.
qRT-PCR is superior in sensitivity and accuracy compared to microarrays, but
allows only a smaller number of genes to be tested in a single assay (10^400
genes). The type of biological sample selected for testing may also have a
signi¢cant impact on the expression pro¢le obtained. Tissue samples provide an
overall insight into expression dynamics but transcriptional changes in a speci¢c
cell type may be too diluted and go undetected in this cumulative expression
pro¢le. Although speci¢c cell types can be isolated by cell sorting or laser capture
microdissection, they may lead to a biased approach that fails to observe relevant
changes in cell types not tested for. For CD, two microarray studies on whole
mucosal biopsy samples have been published (Diosdado et al 2004, Juuti-
Uusitalo et al 2004). While both studies identi¢ed gene sets that showed little
overlapping, when combined they pointed towards changes in similar processes:
activated Th1 response, enhanced cell proliferation, reduced epithelial
di¡erentiation, recruitment of gdT cells, B cells and macrophages, and the lack of
changes in matrix metalloproteinases (Table 3). The unexpected ¢nding of up-
regulated genes involved in cholesterol and lipid metabolism (Diosdado et al
2004) was previously also observed in a microarray study on murine gdT
intraepithelial lymphocytes (Fahrer et al 2001), thereby revealing the increase of
this cell type in the CD lesion. This also demonstrates the added power of
comparing expression studies on whole tissue samples with their constituent cell
types or a subset of them.

The ability to distinguish the healthy from the CD mucosa based on the
expression pro¢le opens the possibility of assembling a panel of marker genes for
molecular phenotyping to assist in diagnosis and prognosis, similar to that for
breast cancer, for example. Further dissemination of the CD pathological
processes can be obtained by pro¢ling biopsy samples from patients on a gluten-



Section I - Introduction

26

Chapter I - A combined genetics and genomics approach to CD

27

free diet as they go through the successive stages into remission, or become
refractory to the diet (Fig. 1). Molecular pathways may be identi¢ed, apart from
those a¡ected in patients, through RNAi knockouts of candidate genes in selected
cell lines, or by data-mining the numerous microarray experiments that have been
performed worldwide (Fig. 3).

Can identi¢cation of the perturbed molecular pathways lead us to the causative
mutated gene(s)? Yes, because of the nature of the anticipated mutations, a major

TABLE 3 Microarray studies performed on CD duodenal biopsy samples

Reference Diosdado et al 2004
Juuti-Uusitalo
et al 2004

Diosdado et al
ongoing work

No. of genes on
microarray

19200 5184 21000

Patient groups
testeda

HC (7), CD MIII UT
(7), CD MIII T (4),
RCD MIII T (4)

HC (4), CD MIII UT
(4), CD M0 T (4)

HC (21), MO T (11),
MI T (8), MII T (10),
CD MIII T (3), CD
MIII UT (12), RCD
MIII T (4)

No. of di¡.
expressed genes

229 (109: MIII vs
HC; 120 CD MIII
T vs CD MIII UT)

263 (156 CD MIII UT
vs HC; 60 CD M0
T vs HC)

169 (over all categories)

Statistical analysis Welch t-test Manual inspection MAANOVA

Pathways involved
Th1 response
Role for gdT cells
B cell maturation
Role for macrophages
Cell proliferation
Cell di¡erentiation

+
+
7
+
+
+

+
7
+
7
7
+

+
+
7
7
+
+

Genes under linkage
peaks

2q33 karyoband
5q33 karyoband
6p21 (HLA region)
6q21 locus
9p13-p21 haplotype
15q11-q13 locus
19p13 Lod-1 region

P50.05

2
8

25
8
6
4
3

Manual inspection

2
3
n.d.
n.d.
n.d.
0
n.d.

P50.05

0
2

10
0
1
0
3

aHC healthy control; CD MIII UT biopsy of CD patient with MIII lesion not treated by gluten-free diet; CD
MIII T biopsy of CD patient with MIII lesion treated by gluten-free diet; CD MII T biopsy of CD patient
with MII lesion treated by gluten-free diet; CD MI T biopsy of CD patient with MI lesion treated by gluten-
free diet; CD M0 T biopsy of CD patient with M0 lesion treated by gluten-free diet; RCD MIII T biopsy of
refractory CD patient with MIII lesion treated but unresponsive to gluten-free diet.
n.d. not determined.
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role is to be expected fromgene expression studies. For thiswe have to combine the
data on di¡erential gene expression and pathway knowledge with the positional
information from the genetic studies. This can in part be achieved by integrating
data from genomewide linkage analyses and microarray expression studies.
Alternatively, qRT-PCR can be applied on candidate genes that have been
selected through linkage and subsequent association analysis. Moreover, genes
that do not show di¡erential expression themselves might be located in relevant
genetic intervals and be constituents of disturbed molecular pathways, and
therefore make excellent candidate genes. We have integrated both these genetic
and expression data sets in TEAM (Fig. 4), a database developed in-house with a
viewing interface (Franke et al 2004).

Looking towards the future

The current status on the genetics of CD reveals a small number of interesting
regions that need further investigation, including the CELIAC2 and
CELIAC4 loci. Since these regions are rather large, verifying an allele’s
contribution to the disease will be a daunting task, as has become clear from the
CELIAC4 locus (Fig. 5). A systematic approach to ¢nding all sequence variants is
impractical for small research laboratories.However,muchwork is currently being
done in the ¢eld of functional genomics. Genetic studies should try to maximize
their potential by incorporating data from protein interaction networks, gene
expression, binding sites for transcription factors, large-scale RNA interference
studies, and gene annotation to prioritize candidate genes. Moreover, for us to
take full advantage of gene expression pro¢les, a comprehensive understanding
of the complexities of gene networks is required, as well as their transcriptional
regulation. However, to ¢nally prove the involvement of a promising candidate
gene, single gene studies will remain essential.

It is expected that the total genetic risk of CD can be attributed to only one�or
a few�genes with large e¡ect (such as HLA-DQ2), and many genes with very
modest e¡ect (such as CTLA4). More robust strategies such as genomewide
association may be required to identify all CD susceptibility genes with a small
e¡ect. However, these strategies require rather di¡erent study designs including
100s to 1000s of samples, and SNPs that cover the entire genome and capture all
haplotype blocks. It has been estimated that whole-genome association requires at
least 200 000 SNPs. It is evident that such studies come at a high price, both with
respect to statistical issues (the problem of multiple testing), the large amounts of
DNA required, and the high costs of genotyping. Lately, there have been great
improvements in high-throughput technology, lowering costs, and improved
statistics. Since disease susceptibility alleles are expected to have additive and
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epistatic interactions we also need statistical tools to analyse interactions between
di¡erent genes, and between genes and environmental factors.

It is anticipated that newly identi¢ed CD susceptibility genes will lead to the
development of easy applicable and non-invasive molecular diagnostic tools.
These tools may vastly improve the diagnosis of CD particularly as, to date,
some 85% of all CD patients go undiagnosed. Better diagnostic tools are
obviously only part of the solution and should be coupled with increasing
awareness among general practitioners and other health care professionals.
Insight into the molecular pathways involved in CD aetiology may eventually
provide new targets for therapeutic intervention.
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Erfelijke factoren bij coeliakie

m.c. wapenaar, a.j. monsuur en c. wijmenga

samenvatting

Coeliakie is een glutengeı̈nduceerde enteropathie met een
auto-immuuncomponent. Deze relatief frequente aandoe-
ning komt geclusterd voor in risicofamilies waar ze een
complexe vorm van overerving vertoont. Dit is in overeen-
stemming met het multifactoriële karakter van coeliakie
waarbij verscheidene ziektegenen zijn betrokken. De com-
plexe overervingspatronen verhinderen de identificatie van
de verantwoordelijke genen met klassieke genetische me-
thoden. Hier presenteren wij aangepaste methoden van ge-
netische koppeling (sibpair-analyse) en associatie (case-
control-studie) en een discussie van de hiermee behaalde
resultaten. Als eerste zijn we er zo in geslaagd met statisti-
sche significantie een kandidaatregio op chromosoom 19
aan te wijzen. Voor de identificatie van het ziektegen bin-
nen deze kandidaatregio zijn aanvullende technieken ver-
eist die afzonderlijke behandeld worden: genexpressie, ge-
netische associatie, mutatieanalyse en bio-informatica. Ge-
nexpressiestudie toont aan dat bij de pathologie naast im-
muungenen ook genen zijn betrokken die een rol spelen bij
de regulatie van celproliferatie en celdifferentiatie. Voor de
identificatie van de ziektegenen staan wij een strategie voor
die de integratie van genetica, genexpressie en bio-informa-
tica behelst. Ook werpen we een blik vooruit op ontwikke-
lingen waarvan wij verwachten dat die het onderzoek naar
complexe ziekten in een stroomversnelling zullen brengen.
Bundeling van dit onderzoek binnen een nationaal ‘Celiac
Disease Consortium’ moet de efficiënte vertaling van basale
onderzoeksresultaten naar toepassingen op het vlak van di-
agnostiek, preventie, monitoring en voeding waarborgen.

summary

Celiac disease is a gluten-induced enteropathy with an au-
toimmune component. This relative frequent disorder ap-
pears clustered in families at-risk where it exhibits a com-
plex pattern of inheritance. This is in agreement with the
multifactorial nature of celiac disease that involves multiple
disease genes. These complex patterns of inheritance pre-
clude the identification of the genes responsible using tra-
ditional genetic means. Here we present modified methods

of linkage (sibpair analysis) and association (case/control
study), together with a discussion on the results achieved.
In this way, we are the first to assign with statistical signi-
ficance a candidate region on chromosome 19. For the
identification of the disease gene within this candidate re-
gion complementary techniques are required and will be
discussed: gene expression, genetic association, mutation
analysis, and bioinformatics. Gene expression study shows
that in addition to immune genes, genes involved in the re-
gulation of cell proliferation and cell differentiation take
part in the pathology of celiac disease. For the identifica-
tion of disease genes we propose a strategy that integrates
genetics, gene expression, and bioinformatics. We also take
a glance at developments that we expect to accelerate the
progress in the investigation of complex diseases. Incorpo-
ration of this investigation into a national ‘Celiac Disease
Consortium’ should warrant the results from basic research
to be efficiently implemented in diagnostics, prevention,
monitoring, and nutrition management.

coeliakie is een complexe erfelijke
aandoening

Coeliakie is een klassiek voorbeeld van een multifac-
toriële aandoening, dat wil zeggen een ziekte die be-
paald wordt door zowel genetische als omgevingsfac-
toren. Al meer dan 50 jaar is bekend dat een dieet
zonder gluten de ziektesymptomen doet verdwijnen.1

De genetische gevoeligheid voor coeliakie blijft echter
aanwezig en introductie van gluten in het dieet zal de
ziekte opnieuw induceren. De populatieprevalentie
van coeliakie bedraagt 0,5-1%. De ziekte erft niet
over volgens de klassieke erfelijkheidswetten (domi-
nant, recessief). Een broer of zus van een coeliakiepa-
tiënt heeft echter wel een verhoogde kans van 5-10%
om ook ziek te worden, hetgeen overeenkomt met een
relatief risico van 5-20%. Tweelingenonderzoek be-
vestigt dat erfelijke factoren een grote rol spelen in
het ontstaan van de ziekte. De concordantie voor
monozygote tweelingen bedraagt 86%, tegenover
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20% voor dizygote tweelingen.2 Dit alles wijst erop
dat bij coeliakie een veelvoud aan verschillende
genen betrokken zijn. Helaas geeft tweelingenonder-
zoek geen inzicht in het aantal en de aard van de
genen die een belangrijke rol spelen in het ontstaan
van coeliakie. Aangezien meer genen een rol spelen
zal ieder gen afzonderlijk slechts een beperkte bij-
drage leveren aan het ontstaan van de ziekte. Deze
combinatie van genetische factoren kan van patiënt
tot patiënt variëren. Buiten de betrokkenheid van
genen is voor coeliakie vastgesteld dat omgevingsfac-
toren van belang zijn met een prominente rol voor
gluten.

Op dit moment is van slechts één gen bewezen dat
het in belangrijke mate (

~
40%) bijdraagt aan het

ontstaan van coeliakie.3 Dit betreft het hla-dq-
gen, gelegen op de korte arm van chromosoom 6.
Bijna alle coeliakiepatiënten brengen het zoge-
noemde dq2-eiwit tot expressie, en de kleine groep
dq2-negatieve coeliakiepatiënten brengt veelal het
dq8-molecuul tot expressie. Recent is aangetoond
dat deze hla-moleculen essentieel zijn voor de pre-
sentatie van gluten aan T-cellen, hetgeen direct de
functionele relatie tussen hla-dq2/8 en coeliakie
verklaart (zie ook het vorige artikel in dit themanum-
mer).4,10 Deze varianten worden echter ook in

~
30%

van de algemene bevolking gevonden. Dit impliceert
dat dq2 en dq8 wel noodzakelijk zijn voor het ont-
staan van de ziekte, maar uitsluitend in combinatie
met andere – nog onbekende – genen. Wereldwijd
wordt veel onderzoek verricht om deze overige
genen te vinden.

hoe sporen we genetische factoren op?

Van meer dan 1200 monogene aandoeningen – ver-
oorzaakt door mutaties in één enkel gen – zijn de af-
gelopen 20 jaar de ziekteveroorzakende genen opge-
spoord. Dit werd veelal mogelijk gemaakt door kop-
pelingsonderzoek te verrichten binnen één grote of
een aantal kleinere families waar de ziekte keurig vol-
gens de wetten vanMendel als recessieve of dominan-
te aandoening overerft. De locatie van een onbekend
ziektegen wordt bepaald door de gezamenlijke over-
erving van de ziekte met een dna-polymorfisme
waarvan de chromosomale locatie wél bekend is.

Bij complexe aandoeningen zoals coeliakie is het
overervingpatroon veelal niet duidelijk omdat
binnen één familie meer genen een rol spelen. Hier-
door is traditioneel koppelingsonderzoek vrijwel on-
mogelijk.5 Daarnaast zijn weinig uitgebreide families
met coeliakie bekend. Twee veelgebruikte strategieën
voor de analyse van complexe ziekten worden hierna
besproken.

Associatiestudies algemeen

Associatiestudies zijn een gevestigde methode om te
onderzoeken of genen met een bekende of vermeende
functie een rol spelen in een ziekteproces. De achter-
grond van een klassieke associatiestudie is gebaseerd
op de aanwezigheid van een functionele variant in een
gen die aanleiding geeft tot verschillende vormen van
het genproduct: het eiwit. De hypothese die wordt ge-
toetst is of één van de genvarianten bijdraagt aan het
ontstaan van ziekte. In een associatiestudie wordt
statistisch getest of die bepaalde dna-variant signifi-
cant vaker voorkomt bij een groep patiënten in ver-
gelijking met een groep gezonde controles. De popu-
latiefrequentie van de dna-variant en het te verwach-
ten verschil in distributiefrequentie tussen de groepen
is bepalend voor de noodzakelijke grootte van de pa-
tiënt- en controlecohorten.

Associatiestudies in coeliakie

Kandidaatgenen worden gevonden door te kijken
naar de processen die bij een ziekte een rol spelen.
Voor coeliakie is dit lastig, aangezien alle bij de
ziekte betrokken processen nog niet duidelijk in
beeld zijn gebracht. Alleen genen die een rol spelen
in de immuunrespons zijn voor de hand liggende
functionele kandidaatgenen. Tot op heden zijn rela-
tief weinig genen getest in associatiestudies (tabel I).

Het gen dat de meeste aandacht trekt is cyto-
toxisch-T-lymfocyt-antigen-4 (ctla4). ctla4 is be-
trokken bij de negatieve regulatie van de T-celres-
pons. Associatiestudies naar ctla4 laten de betrok-
kenheid van dit gen zien in diverse auto-immuunziek-
ten, waaronder type-1-diabetes. Het belang van dit
gen ligt dan ook waarschijnlijk meer bij auto-immu-
niteit in het algemeen.6 Dit gen is niet alleen op grond
van bovenvermelde functie een geschikt kandidaat-

Tabel I: Kandidaatgenen getest voor associatie met coeliakie

gen populatie p-waardea

ctla4 Finnen 0,0001
Zweden/Noren 0,007
Britten 0,007
Noord-Europeanen 0,039
Zweden 0,02
Italianen 0,03

tnf Ieren <0,001b

Ieren <0,000001b

Finnen <0,0001b

ttg Nederlanders n.s.
il12b Scandinaviërs n.s.

Italianen n.s.
mica Spanjaarden <0,0001b

Spanjaarden 0,02
a n.s. = niet significant.
b Associatie komt waarschijnlijk door het dq2-haplotype.
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gen, maar ook op basis van de chromosomale locatie,
aangezien de regio waar dit gen ligt (2q) al vaker ge-
vonden is in koppelingsonderzoek (tabel II). Een
aantal studies – uitgevoerd in diverse bevolkingsgroe-
pen – laat inderdaad associatie zien tussen ctla4 en
coeliakie. De dna-varianten waarmee associatie
wordt gevonden verschillen tussen de populaties.
Recent onderzoek laat echter zien dat de dna-vari-
ant in ctla4 die tot nu toe het meest is bekeken
(+49A/G) wellicht niet het sterkst is geassocieerd.6

Voor twee andere kandidaatgenen (il12b en ttg)
kon geen associatie worden aangetoond. Dit betekent
niet dat deze genen geen rol spelen bij de pathologie
van coeliakie, maar dat een causale rol vooralsnog is
uitgesloten. Voor andere genen (tnf en mica) is het
moeilijk om associatie vast te stellen, doordat deze
genen in de buurt van het hla-dq-gen liggen en
niet goed te onderscheiden is wat de precieze invloed
van hla is.

Deze resultaten tonen aan dat het lastig is om een
goede voorspelling te doen over de geschiktheid van
een kandidaatgen zolang we geen inzicht hebben in
hoe coeliakie precies ontstaat en welke cellulaire pro-
cessen daarbij betrokken zijn.

Koppelingsonderzoek in broer/zus paren (‘sibpairs’)

Hoewel traditioneel koppelingsonderzoek met grote
families niet mogelijk is bij coeliakie, kunnen we
een variatie op deze methode wel toepassen op
kleine families, uitsluitend bestaande uit aangedane
broer-zusterparen (‘sibpairs’). Op grond van het her-
halingsrisico van coeliakie zal 5-10% van alle patiën-
ten een broer of zus hebben die ook de ziekte heeft.
Gemiddeld delen broer en zus 50% van hun erfelijk
materiaal. Als beiden dezelfde ziekte hebben, zullen
ze genetisch identiek zijn voor dát deel van het chro-
mosoom waarop het verantwoordelijke ziektegen

ligt. Het dna van een groot aantal sibpairs (100-
200) wordt getest met

~
300 dna-polymorfismen.

Voor het merendeel van die 300 dna-polymorfismen
zullen de sibpairs 50% genetisch identiek zijn, be-
halve voor dat dna-polymorfisme dat dicht in de
buurt ligt van het ziektegen. Daar zullen de sibpairs
dan 100% identiek zijn (fig. 1). Maar omdat er meer
ziektegenen zijn, zal altijd maar een beperkt aantal
families dezelfde koppeling tonen. Om redenen van
statistische significantie is het dan ook noodzakelijk
voor deze studies honderden families te gebruiken.
Dit koppelingsonderzoek leidt tot het vinden van
chromosomale gebieden van beperkte omvang
waarin gemiddeld 50-500 genen liggen die alle op
basis van hun locatie in het genoom als kandidaatge-
nen beschouwd moeten worden.

Tabel II: Kandidaatgebieden voor coeliakiegenen. Resultaten van koppelingsonderzoeken in diverse Europese populaties

chromosoom-gebieda oorspronkelijke popu-

latie

mogelijke koppeling suggestieve koppeling significante koppeling replicatie populaties

2q33 Finnen x Finnen
Zweden/Noren
Noord-Europeanen

4p15 Finnen x Finnen
Noord-Europeanen

5q33 Italianen x Italianen
Scandinaviërs
Finnen

6p23 Ieren x Britten
9p21 Scandinaviërs x Finnen

Nederlanders
11p11 Iers x Britten (2x)
15q12 Finnen x
19p13 Nederlanders x

*Gebieden met een hoge significantie of gebieden die herhaald zijn gevonden.

Fig. 1. Schematisch overzicht van genetisch koppelings-
onderzoek. Door dna-polymorfismen verspreid over alle
chromosomen te testen wordt gekeken of sibpairs be-
paalde gebieden meer dan gemiddeld 50% delen. Deze
gebieden bevatten waarschijnlijk genen die primair be-
trokken zijn bij coeliakie.
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welke gebieden zijn er uit de
koppelingsstudies gekomen?

De eerste studie werd uitgevoerd door Zhong in 1996
in 45 sibpairs afkomstig van 15 Ierse families. Sinds
1996 zijn er 11 totale-genoomstudies uitgevoerd.
Zeven hiervan betroffen sibpair-analyses, waaronder
de Nederlandse studie van Van Belzen e.a, die in hun
artikel ook een overzicht geven van de belangrijkste
gevonden gebieden.7 Daarnaast zijn enkele studies
met uitgebreidere families verricht. Aan de hand
van de gevonden resultaten hebben andere groepen
zich specifiek op die gebieden met koppeling gericht
in de hoop die uitkomsten te repliceren om zo het sta-
tistische bewijs te versterken. Behalve dat iedere
studie koppeling vond in het hla-gebied, zijn ook
een aantal andere gebieden herhaald gevonden
(tabel II). Op chromosoom 2 (2q33) is door Holopai-
nen in 102 Finse families (totaal 140 sibpairs) een
gebied gevonden, hetgeen is bevestigd in drie andere
studies.8 Geen van de vier studies afzonderlijk leverde
significante resultaten op, maar het feit dat het her-
haald is gevonden maakt deze regio toch aantrekke-
lijk, temeer daar dit gebied het ctla4-gen bevat. Veel
groepen hebben hun aandacht gericht op chromo-
soom 5 (5q31-33). Dit gebied wordt herhaaldelijk be-
vestigd in genetische studies, maar met een lage sta-
tische betrouwbaarheid. Dit gebied is interessant
omdat het een groot aantal kandidaatgenen bevat,
zoals cytokinen.

Recent hebben wij een genetische studie afgerond
in 84 families (101 sibpairs) waarbij strenge diagnos-
tische selectiecriteria zijn aangehouden en alleen pa-
tiënten met een bewezen (sub)totale vlokatrofie van
de dunne darm (Marsh-III-classificatie) zijn meege-
nomen.7 Dit is de eerste studie die een significant re-
sultaat laat zien en waarbij koppeling is gevonden
met chromosoom 19, dit in een gebied dat ongeveer
100 genen bevat. Daarnaast vonden Van Belzen e.a.
ook sterke aanwijzingen voor een kandidaatgen op
chromosoom 6, niet gerelateerd aan het hla-
gebied. Dit gebied is mogelijk ook betrokken bij
type-1-diabetes. Verder onderzoek zal moeten uitwij-
zen of hier een gen ligt dat betrokken is bij auto-im-
muniteit.

Na aanwijzing van een aantal interessante chromo-
somale gebieden (tabel II) volgt de speurtocht naar de
daarin gelegen coeliakiegenen. Een aantal verschil-
lende technieken is voorhanden die behulpzaam
kunnen zijn bij dit identificatieproces. Veelal wordt
in wisselende combinaties gebruik gemaakt van de
volgende methoden: genexpressiestudies, genetische
associatie, bio-informatica, mutatieanalyse en dier-
modellen. Welke combinatie wordt gekozen wordt

in ieder specifiek geval bepaald door de middelen die
voorhanden zijn en die gedurende de loop van het
onderzoek kunnen variëren (fig. 2).

genexpressiestudie

Mutaties in een ziektegen leiden doorgaans tot veran-
deringen in de aanmaak, stabiliteit, vorm of functie
van het genproduct, het eiwit, via de veranderingen in
de overgeschreven boodschapper-rna-moleculen.
Het meten van deze kwantitatieve en kwalitatieve
veranderingen in het rna en/of eiwit in het aangeda-
ne weefsel geeft in principe direct toegang tot het ver-
antwoordelijke ziektegen. Mutaties in ziektegenen
brengen echter ook verstoringen teweeg in de mole-
culaire routes waarbinnen zij functioneren, met als
resultaat ontregelde cellulaire processen die doorwer-
ken op orgaan- en systemisch niveau. Zo kan een mu-
tatie in één ziektegen leiden tot een kettingreactie van
passieve kwantitatieve veranderingen in de expressie
van de andere betrokken genen. Vergelijken we dan,
in het geval van coeliakie, genexpressieveranderingen
in het duodenum van een patiënt ten opzichte van een
gezonde controle, dan vinden we zoveel verschillen
dat de specifieke veranderingen van het verantwoor-
delijke ziektegen obscuur blijven. Echter, als we deze

Fig. 2. Schematisch overzicht van drie strategieën voor de
selectie van kandidaatgenen voor complexe genetische
ziekten zoals coeliakie: a) de a priori selectie van genen
die getest worden door middel van associatie is arbitrair en
beperkend maar een veelgebruikte benadering; b) de door
ons verkozen benadering gaat uit van een koppelingsstudie
zoals een sibpair-analyse waarbij alle genen in het genoom
worden betrokken; vanuit die groepen genen die overerven
met de ziekte worden kandidaatgenen geselecteerd waarbij
gebruik gemaakt wordt van een combinatie van de
aangegeven methodieken; c) de geı̈ntegreerde benadering
van genoombrede associatie (high density snp ’s) en
expressiestudies (microarrays) zijn momenteel technolo-
gisch nog een tour de force maar binnen afzienbare tijd
binnen bereik.
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uitkomst combineren met de resultaten van het gene-
tisch koppelingsonderzoek dan ontstaat een totaal
ander beeld. Vergelijken we de groep genen geselec-
teerd op basis van expressieveranderingen met de
groep geselecteerd op grond van genetische (positio-
nele) informatie dan levert dit een beduidend kleinere
deelverzameling van kandidaatgenen op die voldoen
aan beide criteria.

Momenteel bestuderen wij zo de genen in de door
ons geı̈dentificeerde kandidaatregio op 19p13 voor
veranderingen in rna-expressie. Hierbij maken we
gebruik van de ‘real-time reverse transcription poly-
merase chain reaction’ (rt-pcr)-techniek, een uiterst
gevoelige detectiemethode die ons in staat stelt met de
minieme hoeveelheden rna te werken die we uit de
duodenumbiopten kunnen extraheren. In samenhang
met de hierna te bespreken methoden trachten we zo
het coeliakierisicogen in 19p13 te identificeren.

Voor de rna-expressiestudies beperken we ons
echter niet tot de 19p13-kandidaatregio. In samen-
werking met dr. Mulder (vumc) en dr. Mearin
(lumc) is een grote collectie duodenumbiopten opge-
bouwd, niet alleen van patiënten en controles, maar
ook van de verschillende ziektestadia in respons op
een glutenvrij dieet, en tevens van de zeldzamere re-
fractaire patiënten die ongevoelig zijn voor dit dieet.
Met deze collectie hebben we zo toegang tot de mo-
leculaire veranderingen die aan de basis staan van
respectievelijk de lymfocytose, de crypthyperplasie,
de villeuze atrofie en dieetrespons. Omdat bij al
deze veranderingen mogelijk honderden genen be-
trokken zijn, hebben we in samenwerking met dr.
Holstege (umcu) de microarray-technologie geı̈m-
plementeerd, die het mogelijk maakt de verandering
in expressie van tienduizenden genen simultaan te de-
tecteren. Op deze wijze is het mogelijk om op het
niveau van het hele genoom alle veranderingen te
meten die gepaard gaan met de pathologische trans-
formatie van de duodenale mucosa. Onze eerste re-
sultaten wijzen erop dat die gekenmerkt wordt door
een verhoogde celproliferatie bij een achterblijvende
celdifferentiatie.9

In samenwerking met dr. Koning (lumc) worden
in biopten, parallel aan de rna-kwantificeringen,
ook eiwitmetingen verricht. Immunohistologie kan
verder inzicht verschaffen of de veranderingen in ge-
nexpressie hun oorsprong vinden in de activiteit van
de individuele cellen zelf, of dat er sprake is van toe-
name van het aantal cellen en/of veranderingen in
weefseldistributie. ‘Laser-scanning microscopy’
maakt het mogelijk microdissectie uit te voeren op
biopten en vervolgens de rna-expressie te kwantifi-
ceren. Deze geı̈ntegreerde benadering zal uiteindelijk
leiden tot het ontraadselen van de moleculaire patho-

genese en, mits gekoppeld aan de genetische resulta-
ten, de identificatie van de ziektegenen en de betrok-
ken cellulaire routes bespoedigen.

genetische associatie

De a priori keuze van de te testen kandidaatgenen in
de klassieke genetische associatiestudie is arbitrair en
beperkend. Echter, met de resultaten van het koppe-
lingsonderzoek richten we onze aandacht uitsluitend
op die gebieden in het genoom waar aanwijzingen
voor genetische factoren zijn. Dit heeft als voordeel
dat we die kandiaatregio’s kunnen bemonsteren met
een hoge dichtheid aan dna-polymorfismen. Door
de inspanningen van het Humane Genoom Project
zijn miljoenen dna-polymorfismen beschikbaar ge-
komen in de vorm van enkele-basevariaties, de zoge-
noemde ‘single nucleotide polymorphisms’ (snp’s).
In de kandidaatregio op 19p13 passen we deze asso-
ciatieanalyse met snp’s toe om dit interval verder te
verkleinen tot een gebied ter grootte van enkele kan-
didaatgenen.

mutatieanalyse

Door het bepalen van de basenvolgorde in het dna
van de genen, de sequentieanalyse, kunnen we die va-
rianten detecteren die verantwoordelijk zijn voor het
disfunctioneren van het ziektegen. Duidelijke voor-
beelden zijn die mutaties die leiden tot de vroegtijdige
terminatie van de peptidenketen, of de inbouw van
verkeerde aminozuren. Mutaties in de promotor
van het gen kunnen verminderde expressie tot
gevolg hebben. Direct na de transcriptie wordt tijdens
het proces van ‘rna-splicing’ die delen van het rna
met elkaar verbonden die coderen voor het eiwit
(exonen), terwijl de niet-coderende delen (intronen)
verwijderd worden. Mutaties kunnen dit proces ver-
storen. Mutatieanalyse speelt een cruciale rol bij de
identificatie van ziektegenen maar leent zich niet
voor screening van grote genomische regio’s voor
kandidaatgenen.

bio-informatica

Uit het voorgaande is duidelijk dat verschillende me-
thodieken bijdragen aan het opsporen van kandi-
daatgenen, maar dat de kracht vooral gelegen is in
de synergie van deze benaderingen. Integratie veroor-
zaakt een enorme datastroom die met behulp van
computers en bio-informatica niet alleen verwerkt
moet worden, maar vooral inzichtelijk moet blijven.
De functionele annotatie van genen neemt in hoog
tempo toe en wordt gedeponeerd in publiekelijk toe-
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gankelijke databankbestanden. Ook deze informatie
is essentieel bij de selectie van kandidaatgenen.
Binnen onze groep is een programma ontwikkeld
(team) dat deze informatiestroom inzichtelijk
maakt en behulpzaam is bij het maken van keuzes
in de onderzoeksstrategie.

high-throughput technieken

De gelimiteerde resolutie van koppelingsonderzoek is
het gevolg van het beperkt voorhanden zijn van fami-
lies met aangedane ‘sibpairs’ en de onderliggende ge-
netische structuur. Associatiestudies hebben dit
nadeel niet, maar kennen geen hypothesevrije bena-
dering door de arbitraire selectie van kandidaatge-
nen. Ideaal is een associatiestudie met een hoge dicht-
heid aan dna-polymorfismen (snp’s) verspreid over
het hele genoom. Dit behelst het bepalen van de ge-
notypen van honderden patiënten en controles met
honderdduizenden snp’s. Beperkingen zijn momen-
teel de voorhanden zijnde technologie en het kosten-
aspect. De ontwikkelingen zijn zodanig dat dit
binnen afzienbare tijd tot de mogelijkheden behoort.
Gecombineerd met de genoomwijde expressiestudies
met behulp van microarrays komen high-throughput
screening en identificatie van risicogenen in complexe
ziekten zoals coeliakie binnen bereik (fig. 2).

ontwikkelingen en vooruitzichten

Gezien de snelheid van de technologische ontwikke-
lingen en de groeiende inzichten uit het humane ge-
noomonderzoek is het huidige tijdvak rijp voor het
ontrafelen van de genetica en moleculaire pathologie
van coeliakie. Voorwaarde hierbij is wel dat we over
grote aantallen patiënten en controlemonsters be-
schikken in de vorm van dna uit bloed en rna uit
duodenumbiopten. De lopende samenwerking tussen
het lumc, vumc en umcu, maar ook het contact met
de patiënten en hun familieleden via hun belangenver-
enigingen is hiervoor onontbeerlijk. Doelstelling is om
bij de identificatie van risicogenen en/of biomarkers
voor de pathologie deze aan te wenden voor verbe-
terde diagnostiek en prognose van het ziekteverloop,
en ter verdere ondersteuning tijdens de behandeling.

Inzicht in de moleculaire pathologie opent ook de
mogelijkheid voor gerichte farmacologische interven-
tie. De relatief hoge incidentie van coeliakie, gekop-
peld aan het aanzienlijke aantal onopgemerkte pa-
tiënten maakt dat bij beschikbaarheid van geschikte
tests een bevolkingsonderzoek zeker overwogen moet
worden. Bestudering en behandeling van coeliakie
bestrijkt het hele spectrum van genetische aanleg tot

voeding. Vanuit die overtuiging is een nationaal mul-
tidisciplinair consortium van onderzoekers gevormd
met vertegenwoordigers van het umcu, vumc,
lumc, rikilt (Wageningen) en rivm (Bilthoven)
om kennis te bundelen en ervaringen uit te wisselen.
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ABSTRACT
Background & Aims: Diagnosis, treatment monitoring, and gene expression 
research in coeliac disease (CD) rely on accurate Marsh histological classifications. 
Patchy lesions and molecular heterogeneity may interfere with these applications. 
Our aim was to assess the impact of these variables on gene expression. Methods: 
In total, 15 patients, including cases of de novo CD (n=4), treated CD (n=4), 
refractory CD (n=3), dermatitis herpetiformis (n=4), and 8 non-CD controls 
participated in the study. Six pairs of biopsies were sampled from each individual 
and from separate duodenal folds, and examined for histology and gene expression. 
Expression of IFNG and TM4SF4, as measured by qRT-PCR, were used a markers 
to reflect mucosal inflammation and differentiation, respectively. Results: Patients 
with more severe lesions generally showed increased IFNG and decreased TM4SF4 
expression. Patchy lesions were mainly observed in refractory and de novo CD 
patients. Remarkably, patients without tissue patchiness also showed considerable 
and comparable expression heterogeneity for which about one/third could be 
attributed to technical variations. Despite this, we found strong correlations 
between the Marsh classification and gene expression in individual biopsies, 
irrespective of the patients they originated from. Strong correlation (R2 = 0.89) 
was observed between the ratio of IFNG and TM4SF4 expression and the weighted 
averaged Marsh classification. Conclusions: Expression heterogeneity is caused by 
1) inter-individual variability, 2) mucosal heterogeneity, and 3) technical variations. 
Expression heterogeneity appears to precede tissue patchiness. Despite these 
variables, Marsh lesions and IFNG/TM4SF4 expression were strongly correlated, 
independent of disease diagnosis. We suggest that expression studies should be 
performed with 10-20 samples per Marsh class from separate individuals to cope 
with distorting variables.

INTRODUCTION
Coeliac disease (CD) is a chronic inflammatory condition of the small intestine 
caused by an autoimmune response to dietary gluten in genetically susceptible 
individuals1. CD is a complex genetic disorder, and with a frequency of ~1% in 
Western populations, it is among the more common multifactorial diseases2. 
Patients display a range of mucosal lesions that can be ranked according to the 
modified Marsh classification and progressively include lymphocyte infiltration 
(MI), crypt hyperplasia (MII), and villous atrophy (MIII)3. The latter ranges from 
partial (MIIIa), and subtotal (MIIIb), to total atrophy (MIIIc)4. Patients may go 
into complete remission (M0) on a gluten-free diet (GFD) and then appear similar 
to healthy controls. Identical Marsh lesions may be observed in patients that 
are unresponsive to a GFD (refractory CD, RCD), and in some patients with the 
gluten-sensitive skin condition, dermatitis herpetiformis (DH). Current diagnostic 
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tools include tTG and EMA serology5, and HLA-DQ-typing, but endoscopy with 
duodenal biopsy examination is still considered the ‘gold standard’6. In addition 
to histological restructuring of the mucosa, molecular events may also reflect the 
progression of CD lesions. Previously, we have shown that increased expression 
of the gene for the proinflammatory cytokine interferon-gamma (IFNG) coincided 
with more severe lesions7. Likewise, we have identified the brush-border gene 
TM4SF4 (transmembrane 4 L six family member 4) as a terminal differentiation 
marker that decreased in expression when the disease progressed towards higher 
Marsh categories8. Recently, we used high-throughput gene expression profiling 
methods, like microarrays and qRT-PCR, to further dissect the inflammatory and 
differentiation pathways in CD pathogenesis (Diosdado, submitted; Wapenaar, 
submitted). Both the initial diagnosis and monitoring of treatment results in 
the clinic, as well as gene expression studies in basic research, rely on accurate 
Marsh classification of endoscopically collected biopsy samples. However, a patchy 
distribution of mucosal lesions may interfere with a correct Marsh classification 
and have been reported repeatedly9-11. Here we present a detailed study on mucosal 
heterogenity, both on the histological and the molecular level, by comparing Marsh 
typing with IFNG and TM4SF4 expression patterns. We discerned various types of 
variation and will discuss their impact on expression studies. We provide general 
guidelines on how to deal with tissue patchiness and expression heterogeneity that 
may also prove useful in other areas than research and diagnostics of CD.  

PATIENTS/MATERIALS AND METHODS
Patients and biopsy sampling
The 23 individuals that participated in this study were enrolled between 2004 and 
2005 by the Department of Gastroenterology and Hepatology at the VU University 
Medical Center, Amsterdam. Patients included were: newly diagnosed CD (n=4), CD 
in remission on a GFD (n=4), RCD on a GFD (n=3), DH (n=4) of which one followed 
a GFD, and non-CD controls with gastroesophageal reflux disease (n=8). See table 
1 for further details. All patients underwent upper gastrointestinal endoscopy 
under conscious sedation (using fentanyl and midazolam). After introducing the 
endoscope as deep as the pars ascendens of the duodenum, six pairs of biopsy 
samples were taken from different duodenal folds starting with the deepest one in 
the proximal part. The distance between samples within a single biopsy pair was 
approximately 5 - 10 mm. In patients with a loss of folds, biopsies were taken from 
six levels with approximately 2 cm distance. From each pair of biopsies harvested, 
one sample was set aside for histological examination, and the other sample 
was preserved in RNAlater (Ambion, Austin, TX) at –20oC for subsequent RNA 
isolation. This study was approved by the Medical Ethics Committee of the UMC 
Utrecht and all the participants gave their informed consent.
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Histology

Characteristics of the Marsh categories

Marsh stages Values Characteristics

M0 Value 1 normal/complete remission

MI Value 2 lymphocytosis

MII Value 3 additional crypt hyperplasia

MIIIa Value 4 additional partial villous atrophy

MIIIb Value 5 additional subtotal villous atrophy

MIIIc Value 6 Additional total villous atrophy

Gene expression analysis
Total RNA isolation, cDNA synthesis, and qRT-PCR were performed essentially 
as described previously7. In brief, RNA was isolated from a single biopsy in 500 
ul TRIzol (Invitrogen, Carlsbad, CA) by homogenization with a Mini-BeadBeater 
(BioSpec Products Inc., Bartlesville, OK). RNA quality and quantity was checked 
on a 2100 Bioanalyzer (Agilent, Palo Alto, CA). All reagents and equipment for 
qRT-PCR were purchased from (Applied Biosystems, Foster City, CA). Synthesis of 
cDNA was carried out with the High Capacity Archive Kit. IFNG transcripts were 
detected with a FAM-labeled Taqman probe specific for exon 2 using the Assay-
on-Demand Hs00174143m1. GUSB transcripts were detected with the VIC-labeled 
PDAR 4362320E and served as an endogenous control. Reactions were performed 
using the Universal PCR Master Mix. Transcripts of TM4SF4 were quantified using 
the forward primer 5’- TCT TGG GCC TGA AGA ACA ATG –3’ and reverse primer 
5’- AGC AAA TAT CGT GGA GGT GAA CA –3’. GUSB served as endogenous 
control by using the forward primer 5’- GAA AAT ATG TGG TTG GAG AGC TCA 
TT – 3’ and reverse primer 5’- CCG AGT GAA GAT CCC CTT TTT A – 3’. Products 
were detected by SyberGreen incorporation using the SyberGreen PCR Master Mix. 
PCR cycling and real-time data collection was performed with an SDS 7900HT. 
Relative expression was calculated with the delta(delta(Ct))-method12, using the Ct-
values obtained with SDS2.2 software. We used the averaged delta(Ct)-value of the 
six controls with homogenous M0 lesions (patients A-F) as a calibrator to calculate 
the normalized relative expression for all samples. 
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RESULTS
For this study on patchy mucosal lesions in coeliac disease, we had 23 participants. 
The clinical and immunological data, together with information on treatment and 
associated diseases, are summarized in table 1. Closely spaced pairs of biopsy 
samples were collected from each individual from six different folds in the distal 
duodenum. These paired biopsies were processed and examined separately for 
histology and gene expression. Progression of the mucosal lesions was indicated

Table 1. Clinical and immunological details on the 15 patients and 8 controls used in this 
study

Individual Sex Age HLA tTG EMA GFD Diagnosis Complica-
tions

A M 51 DQ2/- - - - NC AITD
B F 25 DQ2/- - - - NC UC
C M 60 DQ2/- - - + NC
D M 43 DQ2/- - - - NC
E M 36 DQ2/- - - - NC
F F 71 DQ8/- - - - NC
G F 42 DQ2/- - - - NC
H M 51 DQ2/- - - - NC HP
I F 72 DQ2/- - - + CD
J F 77 DQ2/- - + + CD
K M 20 DQ2/- - - + CD IGAD, SS
L M 43 DQ2/DQ2 - - + CD
M M 61 DQ2/- - - - DH
N F 63 DQ2/- - + - DH
O M 41 DQ2/- - - - DH
P M 58 DQ2/- - + + DH
Q M 83 DQ2/- + + - CD
R F 61 DQ2/- + + - CD
S M 43 DQ2/- + + - CD FA
T F 36 DQ2/- + + - CD
U F 64 DQ2/- - - + RCD AITD
V M 66 DQ2/DQ2 - - + RCD
W F 66 DQ2/DQ2 + - + RCD EATL

Abbreviations (in order of appearance): M, male; F, female; HLA, major histocompatibility class II DQ-type; 
tTG, anti-tissue transglutaminase; EMA, anti-endomysium; GFD, gluten-free diet; NC, non-CD control; CD, 
coeliac disease; DH, dermatitis herpetiformis; RCD, refractory coeliac disease; AITD, autoimmune thyroiditis; 
EATL, enteropathy-associated T-cell lymphoma; FA, Fanconi anemia; HP, Helicobacter pylori gastritis; IGAD, 
IgA deficiency; SS, Sjögren’s syndrome; and UC, ulcerative colitis.
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Figure 1. Relative gene expression of IFNG (filled bars) and TM4SF4 (open bars) in 23 
patients and controls. Individuals are indicated with capital letters A-W (see table 1 for 
details). Vertical bars represent the relative expression calculated from the average of 
six replicate biopsy samples (see table 2). Each biopsy sample was tested in triplicate. 
Expression values were normalized to the averaged expression of the controls A-F.

using the Marsh nomenclature, while expression of the genes IFNG and TM4SF4 
were used as markers for mucosal inflammation and differentiation, respectively. 
These results are compiled in table 2. As expected, the progression of the mucosal 
lesions was associated with increased inflammation and decreased differentiation, 
as indicated by a higher Marsh ranking, higher IFNG expression, and lower 
TM4SF4 expression (supplementary figure 1). This, in general, inverse relationship 
between IFNG and TM4SF4 expression in patients is illustrated in figure 1. 
However, there were also some inconsistencies in individual patients or between 
biopsy samples. If we consider the design of the study we can anticipate four 
types of variability, acting at different resolution scales, that could perturb the 
relationship between the histological classification and the gene expression data: 
1) inter-individual variability between similarly diagnosed and Marsh-matched 
patients; 2) long-range variation between duodenal folds; 3) short-range variations 
within biopsy-pair distance; and 4) experimental noise in gene expression 
measurements. We address these issues below. 
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Table 2. Marsh classifications and IFNG/TM4SF4 relative gene expression deter-
mined from six replicate biopsy samples in each individual 

Biopsy CV
Ind. 1 2 3 4 5 6 Aver-

age1
SD2 Biopsy3 Exp4 Patchy5

A Marsh 0 0 0 0 0 0 1.00 0.00 0.0 0.0
IFNG nd6 0.57 0.53 0.32 0.47 0.35 0.45 0.11 24.6 17.3 7.3
TM4SF4 nd 1.32 1.16 1.53 1.02 0.95 1.20 0.24 19.8 5.9 13.9

B Marsh 0 0 0 0 0 0 1.00 0.00 0.0 0.0
IFNG 0.64 1.04 0.89 0.72 0.62 1.56 0.91 0.36 39.0 21.6 17.4
TM4SF4 1.79 1.29 1.72 2.12 2.06 0.97 1.66 0.45 27.1 10.3 16.8

C Marsh 0 0 0 0 0 0 1.00 0.00 0.0 0.0
IFNG 0.60 1.11 0.51 0.91 1.13 1.59 0.97 0.40 40.9 19.8 21.1
TM4SF4 2.22 1.65 1.57 1.57 1.23 2.12 1.73 0.37 21.5 10.6 10.9

D Marsh 0 0 0 0 0 0 1.00 0.00 0.0 0.0
IFNG 0.66 0.57 0.84 1.40 0.60 3.67 1.29 1.21 93.6 15.5 78.1
TM4SF4 1.66 1.65 1.46 2.25 1.79 1.97 1.80 0.28 15.5 11.1 4.4

E Marsh 0 0 0 0 0 0 1.00 0.00 0.0 0.0
IFNG 1.27 1.05 2.05 1.54 1.04 1.45 1.40 0.38 27.1 15.9 11.2
TM4SF4 0.43 0.62 0.36 0.12 0.42 0.49 0.40 0.17 41.1 7.9 33.2

F Marsh 0 0 0 0 0 0 1.00 0.00 0.0 0.0
IFNG 1.41 1.61 1.63 2.44 2.68 1.90 1.95 0.51 26.1 16.8 9.3
TM4SF4 0.59 0.53 0.66 0.31 0.60 0.40 0.51 0.13 26.0 9.1 16.9

G Marsh I I I I I I 2.00 0.00 0.0 0.0
IFNG 1.03 0.80 0.65 0.61 0.29 0.44 0.64 0.26 40.9 9.7 31.2
TM4SF4 0.54 0.50 0.50 0.88 0.64 0.46 0.59 0.16 26.5 10.7 15.8

H Marsh I I I I I I 2.00 0.00 0.0 0.0
IFNG 2.09 2.31 2.73 2.40 3.58 3.72 2.81 0.69 24.5 16.7 7.8
TM4SF4 0.91 0.78 0.61 0.74 0.98 1.41 0.91 0.28 30.8 10.9 19.9

I Marsh 0 0 0 0 0 0 1.00 0.00 0.0 0.0
IFNG 0.75 0.41 0.49 0.47 0.33 0.78 0.54 0.19 34.5 13.7 20.8
TM4SF4 1.00 1.02 1.09 1.06 1.93 0.81 1.15 0.39 34.3 6.5 27.8

J Marsh 0 0 0 0 0 0 1.00 0.00 0.0 0.0
IFNG 1.78 1.15 3.58 1.59 1.12 1.27 1.75 0.93 53.4 17.3 36.1
TM4SF4 1.25 1.59 1.92 1.33 1.39 1.64 1.52 0.25 16.3 6.4 9.9

K Marsh I I I I I I 2.00 0.00 0.0 0.0
IFNG 3.29 1.54 2.30 1.19 1.14 1.45 1.82 0.83 45.8 18.0 27.8
TM4SF4 3.54 1.24 2.20 1.48 1.29 0.92 1.78 0.96 54.3 18.9 35.4

L Marsh I I I II II II 2.50 0.50 20.0 20.0
IFNG 10.75 13.20 9.25 6.73 6.55 8.26 9.12 2.54 27.9 9.5 18.3
TM4SF4 0.70 0.76 0.50 0.64 0.68 0.50 0.63 0.11 17.1 10.0 7.1

M Marsh 0 0 0 0 0 0 1.00 0.00 0.0 0.0
IFNG 0.60 0.66 0.60 0.41 0.43 0.53 0.54 0.10 18.7 13.9 4.8
TM4SF4 0.76 0.74 0.90 0.94 0.82 0.52 0.78 0.15 18.9 10.3 8.6

N Marsh I I I I II I 2.17 0.37 17.2 17.2
IFNG 4.99 3.89 2.83 2.27 3.55 3.04 3.43 0.95 27.8 13.3 14.5
TM4SF4 0.17 0.23 0.09 0.20 0.17 0.18 0.17 0.05 27.7 6.9 20.8

O Marsh I I I I I I 2.00 0.00 0.0 0.0
IFNG 3.89 1.77 6.00 5.73 4.94 13.74 6.01 4.08 67.9 14.5 53.4
TM4SF4 0.56 0.66 0.55 0.53 0.51 0.33 0.52 0.11 20.2 6.8 13.4
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Biopsy CV

Ind. 1 2 3 4 5 6 Aver-
age1

SD2 Biopsy3 Exp4 Patchy5

P Marsh I I I I I I 2.00 0.00 0.0 0.0
IFNG 13.50 10.64 9.46 9.69 10.13 3.69 9.52 3.21 33.7 12.5 21.2
TM4SF4 1.28 1.02 1.34 0.80 0.61 1.01 1.01 0.28 27.6 8.8 18.8

Q Marsh IIIb IIIb IIIb IIIb IIIb IIIb 5.00 0.00 0.0 0.0
IFNG 8.26 15.43 6.19 1.93 2.48 nd 6.86 5.46 79.6 14.6 65.0
TM4SF4 0.07 0.04 0.08 0.10 0.10 nd 0.08 0.03 32.5 11.1 21.4

R Marsh IIIc IIIc IIIb IIIb IIIb IIIb 5.33 0.47 8.8 8.8
IFNG 22.20 22.05 24.95 nd 19.23 21.27 21.94 2.06 9.4 8.6 0.8
TM4SF4 0.05 0.03 0.04 nd 0.06 0.03 0.04 0.01 30.1 7.4 22.7

S Marsh IIIa IIIb IIIc IIIb IIIb IIIb 5.00 0.58 11.5 11.5
IFNG 18.49 67.61 26.38 26.89 19.05 29.89 31.38 18.32 58.4 13.5 44.9
TM4SF4 0.27 0.58 0.20 0.37 0.37 0.14 0.32 0.16 48.7 10.4 38.3

T Marsh IIIb IIIc IIIc IIIc IIIc IIIc 5.83 0.37 6.4 6.4
IFNG 43.81 49.78 nd 33.71 nd nd 42.43 8.12 19.1 9.4 9.7
TM4SF4 0.02 0.04 nd 0.03 nd nd 0.03 0.01 20.4 7.0 13.4

U Marsh I I I II IIIa IIIa 2.83 0.90 31.7 31.7
IFNG 12.86 14.61 6.34 25.78 23.29 15.67 16.43 7.11 43.3 15.3 28.0
TM4SF4 1.05 0.60 1.26 0.38 0.43 0.23 0.66 0.41 62.1 16.4 45.7

V Marsh IIIc IIIc IIIc IIIc IIIc IIIc 6.00 0.00 0.0 0.0
IFNG 31.84 37.42 32.24 47.69 37.56 38.06 37.47 5.72 15.3 9.4 5.9
TM4SF4 0.02 0.07 0.07 0.05 0.06 0.10 0.06 0.03 41.4 16.9 24.5

W Marsh IIIb IIIc IIIb IIIa IIIb IIIa 4.83 0.69 14.2 14.2
IFNG 50.78 45.55 36.58 31.89 24.43 52.77 40.33 11.22 27.8 12.8 15.0
TM4SF4 0.05 0.06 0.09 0.10 0.14 0.04 0.08 0.04 46.8 13.4 33.4

1  Average. A weighed average was calculated for the Marsh classification using the values indicated in the 
Material & Methods. Average relative gene expression was calculated from expression data that were 
normalized to the averaged data obtained from M0 control patients A-F. 

2 SD. Standard deviation of the mean.
3  CVbiopsy. Coefficient of variation (SD/average x 100) calculated from the six replicate biopsy samples col-

lected from each patient.
4  CVexp. Coefficient of variation calculated from expression values obtained from experiments performed in 

triplicate, and subsequently averaged over the six replicate biopsy samples.
5 CVpatchy. Coefficient of variation of tissue and molecular heterogeneity, calculated as CVbiopsy minus CVexp.
6  nd. Not determined due to RNA degradation. 

Inter-individual variations
Examples of inter-individual expression variation in otherwise closely matched 
patients can be observed by comparing figure 1 and tables 1 and 2. The non-CD 
controls A and E, for example, have both a homogeneous M0 mucosa but displayed 
an inverted expression profile for IFNG and TM4SF4. Likewise, the M0 remission 
patients I and J showed opposite IFNG regulation, whereas the remission patients J 
and K, with discordant Marsh lesions, have a nearly identical IFNG/TM4SF4 profile. 
This inter-individual variability is difficult to understand but it may be caused by 
a combination of any of the four noise factors mentioned above. In addition, also 
cis- and trans-acting genetic factors may exert their influence on gene expression 
profiles and thus distort the perception of the pathology-driven gene regulation. 
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Long-range variations
Long-range tissue patchiness was most apparent in RCD patient U who had lesions 
from three major Marsh classes (I, II, IIIa). This patient partly responded on a 
GFD (serology negative). Less pronounced heterogeneity, with lesions restricted 
to the atrophic MIII (a-c) subcategories, were present in three out of four de novo 
CD patients (R, S, and T), and one RCD case (W). Minor heterogeneity (MI-
MII) was detectable in one treated CD case (L), and in an untreated DH patient 
(N) with ambiguous serology. The intra-individual heterogeneity among the six 
replicate biopsy samples was expressed by the coefficient of variation, CV

biopsy
 

(table 2). Comparison of the CV
biopsy

-values for histology and gene expression 
revealed no obvious relation. Moreover, patients and controls with a homogeneous 
histology often also showed a comparable variation in expression (table 2). This 
suggested that additional factors, beyond tissue patchiness, have an impact on gene 
expression variation. 

Impact of experimental variations
In order to assess the contribution of experimental fluctuations, we compared 
the CV

biopsy
 for IFNG and TM4SF4 with the average CV

exp
 of the expression 

measurements that were carried out in triplicate (table 2). On average, the 
experimental variation accounted for one-third of the gene expression variation 
(IFNG: CV

biopsy
= 38.2, CV

exp
= 14.5; TM4SF4: CV

biopsy
= 30.7, CV

exp
= 10.3). Next we 

defined the true expression heterogeneity in each individual, CV
patchy

, as CV
biopsy

 
minus CV

exp
. For simplicity we assumed the tissue patchiness CV

patchy
 to be equal 

to CV
biopsy

. Comparison of each patient’s tissue CV
patchy

 with its corresponding 
expression CV

patchy
 showed no correlation with either IFNG or TM4SF4 (table 2, 

supplementary figure 2). This suggested that long-range expression heterogeneity 
was present, regardless of the degree of tissue patchiness. 

Short-range variations
When patients with tissue patchiness (L, N, R, S, T, U, and W) were examined 
for gene expression in each pair of juxtaposed biopsies, we could not observe 
a concordance with the Marsh pattern either. This suggested the presence of 
a shortrange mucosal heterogeneity (table 2). We conclude that considerable 
expression heterogeneity is present in the mucosa, both long- and short-range, 
which appears largely independent of the presence or absence of tissue patchiness. 

Histology and gene expression correlations
This limited histology and expression concordance within a single biopsy-pair 
might affect the relationship Marsh classification – gene expression. To assess to 
what extent this relationship might be disturbed, we plotted the expression 
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Figure 2. Relative gene expression of IFNG (A) and TM4SF4 (B) as a function of the 
Marsh classification in paired biopsy samples, irrespective of patients’ diagnosis. Two 
biopsy samples, harvested as a pair, were separated and used for either gene expression 
measurement or Marsh typing. Gene expression data (diamonds) are the average of three 
measurements. The average expression values of the Marsh classes are indicated (squares), 
and connected by a trend line.



Section II - High-throughput gene expression analysis

56

Chapter 3 - Gene expression mosaicism precedes tissue patchiness

57

of IFNG (figure 2A) and TM4SF4 (figure 2B) against the Marsh category of the 
matching biopsy within the pair, irrespective of the patients they originated from. 
The IFNG plot shows an incremental increase from M0 - MIIIa, which then reaches 
a plateau towards MIIIc. The M0 – MIIIa interval correlates highly with the average 
IFNG expression (R2 > 0.98). The graph for TM4SF4 shows a consistent decrease 
in expression over the entire Marsh range, and is also highly correlated with the 
average gene expression (R2 > 0.99). We conclude that generally, despite the various 
noise factors present, there is a clearly demonstrable correlation between tissue 
morphology and gene expression, irrespective of the patients’ diagnosis and tissue 
patchiness.

Since, on average, both IFNG and TM4SF4 expression correlated well with 
Marsh typing in paired biopsy samples, we also plotted the activity of both genes 
against each other, regardless of patients’ diagnosis or Marsh typing (figure 3A). 
The IFNG and TM4SF4 expression correlated well (R2 = 0.48), confirming the 
inverted relationship between inflammation and differentiation that we also 
observed in individual patients (figure 1). 

We argued that, given the opposite responses of IFNG and TM4SF4 to mucosal 
remodeling, the expression ratio IFNG/ TM4SF4 would provide a more robust 
molecular signature to reflect the mucosal impairment. In addition, attaching 
arbitrary classifiers (1 – 6) to the Marsh categories (M0 – MIIIc) allows a weighted 
averaged Marsh value for each individual patient that reflects the severity of its 
lesions and the extent of tissue patchiness. We plotted the averaged IFNG/TM4SF4 
gene expression ratio of each individual patient as a function of its weighted 
averaged Marsh classifier and observed a strong correlation between these two 
parameters (R2 = 0.89). This plot could also be applied as a calibration line for 
inferring gene expression from a weighted Marsh classification, and vice versa. It 
is noteworthy that individual patients ‘move’ along this calibration line irrespective 
of their diagnosis (cf. table 1 and figure 3B), demonstrating that it is mucosal 
remodeling that is the principal determinant of IFNG and TM4SF4 gene expression. 

DISCUSSION
Patchy patterns of tissue lesions have been reported in coeliac disease, both 
in adults9, and children10. This mosaic distribution of mucosal remodeling is 
usually assessed by endoscopic forceps grasp sampling of multiple biopsies and 
histological examination13. Alternatively, lesion heterogeneity can be observed 
using live-imaging techniques like high-magnification immersion chromoscopic 
duodenoscopy14. Generally, the extent of tissue variability in the distal duodenum 
is limited to neighboring Marsh classes11, but the underlying mechanism for this 
phenomenon is not known. 
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Figure 3. Interdependence of IFNG, TM4SF4 gene expression, and Marsh stage. 
A) Relationship between IFNG and TM4SF4 gene expression within single biopsy isolates, 
regardless of Marsh classification and patient’s diagnosis. Expression data (diamonds) are 
the average of three measurements. B) Correlation between the weighted averaged Marsh 
classification of each patient and the ratio of their average IFNG and TM4SF4 expression. 
Data points are tagged with capital letters, referring to the patients in table 1. Weighting 
factors from 1–6 were attached to the six Marsh classes M0 – MIIIc, in order. Average gene 
expression was calculated from six (or less in the case of drop-outs) replicate biopsies per 
patient. Gene expression data per biopsy are the average of three measurements.
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The frequency and extent of tissue patchiness that we observed in our patient 
group is in line with what has been reported before11, with exception of one RCD 
patient. This patient (U) displayed three major Marsh stages, responded partly 
to a GFD, and may thus represent a more complex and atypical case of tissue 
mosaicism. In this study we also examined for heterogeneity on the molecular 
level, using gene expression, and compared it with tissue patchiness. The activity 
of the genes IFNG and TM4SF4 were used as markers for mucosal inflammation 
and enterocyte differentiation, respectively. We compared different individuals 
with similar diagnosis or Marsh lesions, biopsies sampled from different duodenal 
folds, and biopsies taken as close-spaced pairs from within a single fold. This 
provided insights into the extent of expression and tissue heterogeneity on 
different levels of resolution. We also assessed that, on average, one-third of 
the expression variability can be accounted for by the experimental error in the 
triplicate measurements. Interestingly, we did not observe a correlation between 
the gene expression heterogeneity and the tissue patchiness. The coefficients of 
variation (corrected for the experimental variation) of tissue patchiness and of 
gene expression were independent. Moreover, the range of expression variation 
in controls was, in general, similar to that observed in patients, which suggests 
that expresison heterogeneity is a feature largely independent of tissue patchiness. 
This was further supported by the lack of correlation between gene expression and 
Marsh type in paired biopsies from the six replicates taken from each individual. It 
could also be argued that expression heterogeneity reflects variations in the quality 
of RNA preparations between the different replicates. However, this would affect 
the endogenous control gene GUSB and the target genes IFNG and TM4SF4 equally. 
In addition, the PCR fragments generated from these genes are 100 basepairs in 
size and therefore less sensitive to variations in RNA quality. This type of variation 
would also generate a constant error in gene expression that would be independent 
of the actual transcription level. This would result in a diminishing coefficient of 
variance as function of the expression level, which we did not observe. Together, 
these observations indicated the presence of a short-range mosaic pattern of 
gene expression that is largely independent of tissue patchiness. Live imaging 
of duodenal atrophy showed alternating patches with an area of 5 – 10 villi in 
size14. This level of patchiness is compatible with the scale at which we observed 
expression heterogeneity. 

We propose a model in which a mosaic pattern of gene expression in the 
duodenum, both in healthy and CD individuals, translates into overt tissue 
patchiness when a certain inflammatory threshold has been crossed. With further 
progression of the inflammation the tissue will than become homogeneous, until 
the next transitional threshold is met and the next temporal phase of patchiness 
occurs. The expression heterogeneity that we observed may reflect variations in cell 
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compositions of the tissue patches, or it could point to a differential response of 
groups of cells to stimuli. It is noteworthy in this respect that, on the cellular level, 
gene expression variation was recently observed in the aging mouse heart15. 

Despite the molecular heterogeneity and other distorting variables there was a 
clearly demonstrable correlation between the levels of gene expression and disease 
progression, both on the level of biopsies and individuals. Particularly powerful 
and applicable was the strong correlation between the averaged IFNG/TM4SF4 
expression ratio and the patients’ weighted averaged Marsh typing. That gene 
expression is predominantly dependent on Marsh typing, rather than disease 
diagnosis, was convincingly demonstrated by this relationship. In addition, the 
calibration plot of this inter-dependence can be used to put a Marsh tag on RNA 
isolates of biopsies that are not, or insufficiently, typed. 

Our findings on tissue patchiness are in line with previous studies and will 
not affect current procedures of histological examination that usually includes at 
least four biopsy samples16. Our IFNG and TM4SF4 expression plots as a function of 
Marsh-typed biopsies could be considered as prototypes for many other pathology-
regulated genes. Many of these genes will show rather subtle changes in expression 
and will be difficult to identify or pass statistical significance, by using a simple 
case-control design. However, including the entire Marsh range in such studies 
will allow the identification of genes with an incremental and consistent increase 
or decrease in gene expression, like IFNG and TM4SF4, using standard correlation 
or linear regression. To best cope with the diverse sources of variation that affect 
the expression as discussed in this paper, we suggest using 2 – 4 (pooled) biopsies 
per individual and 10 – 20 individuals for each Marsh classification. Recently, we 
have implemented this approach successfully to expose molecular pathways of 
immunity (Diosdado, submitted) and differentiation (Wapenaar, submitted) in the 
pathology of coeliac disease. In conclusion, the gene expression – tissue pathology 
relationship we have described here, and its utilization in identifying differentially 
expressed genes, may be generally applicable to any disease with clearly identifiable 
stages of tissue remodeling.
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Supplementary figure 1. Relative gene expression of IFNG (A) and TM4SF4 (B) in 
23 patients and controls. Individuals are indicated with capital letters A-W (see table 1 for 
details). Vertical bars represent the relative expression calculated from the average of six 
replicate biopsy samples (see table 2). Error bars indicate the standard deviation. Each 
biopsy sample was tested in triplicate. Expression values were normalized to the averaged 
expression of the controls A-F. 
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Supplementary figure 2. The relation between the CVpatchy-values of tissue patchiness 
and expression heterogeneity for IFNG (filled diamonds) and TM4SF4 (open squares) in 23 
individuals.
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Background and aims: The causative molecular pathways underlying the pathogenesis of coeliac disease
are poorly understood. To unravel novel aspects of disease pathogenesis, we used microarrays to
determine changes in gene expression of duodenal biopsies.
Methods: cDNA microarrays representing 19 200 genes were used to compare gene expression profiles
of duodenal biopsies from 15 coeliac disease patients with villous atrophy (Marsh III) and seven control
individuals with normal biopsies (Marsh 0). In addition, the specific effect of gluten was studied by
comparing the expression profiles of Marsh III lesions of seven patients exposed to gluten with four patients
on a gluten free diet.
Results: Comparing Marsh III with Marsh 0 lesions identified 109 genes that differed significantly
(p,0.001) in expression levels between patients and controls. A large number of these genes have
functions in proliferation and differentiation pathways and might be important for correct development of
crypt-villous units. Alterations in these pathways may lead to the characteristic hyperplasia and villous
atrophy seen in coeliac disease. The analyses also revealed 120 differentially expressed genes (p,0.005)
when comparing patients on a gluten free diet with those exposed to gluten. These genes further strengthen
our observation of increased cell proliferation in the presence of gluten.
Conclusions: Our study provides new candidate genes in the pathogenesis of coeliac disease. Based on
our results, we hypothesise that villous atrophy in coeliac disease patients is due to failure in cell
differentiation. These genes are involved in pathways not previously implicated in coeliac disease
pathogenesis and they may provide new targets for therapy.

C
oeliac disease (OMIM 212750) is a chronic inflamma-
tory enteropathy caused by lifelong intolerance to
gluten in genetically predisposed individuals. When

gluten, the main protein present in wheat, rye, and barley,1 is
ingested by individuals expressing human leucocyte antigen
(HLA)-DQ2 and/or -DQ8 heterodimers,2 it provokes a mis-
directed immune response in the small intestine where
gluten is absorbed. This immune response leads to a series of
histological changes resulting in lymphocytosis, crypt hyper-
plasia, and villous atrophy. These histological abnormalities,
which were documented by Marsh in 1992,3 are characteristic
of this disease and explain some of the clinical symptoms of
coeliac disease patients. Treatment of coeliac disease consists
of a lifelong gluten free diet, resulting in clinical recovery and
histological normalisation of the intestine.
Coeliac disease is a multifactorial disorder for which both

genetic and environmental factors are required for the
disease phenotype to develop.4 The molecular pathways
responsible for the disease pathogenesis are currently only
partly defined.5 So far only one genetic factor has been
identified, the HLA-DQA and -DQB gene cluster on chromo-
some 6.2 Although many attempts are underway to identify
the other genetic factors involved in coeliac disease, trad-
itional genetic mapping studies face serious limitations in
identifying the full repertoire of susceptibility genes due to
the small contribution of each individual susceptibility gene
and the complex interplay between genetic and environ-
mental factors. Genomics technologies, such as cDNA
microarrays, are expected to provide additional insight into
the molecular and cellular aspects of diseases.
Coeliac disease is a unique disease as the environmental

factor, gluten, that triggers the disease is known and can be

easily manipulated in vivo as well as in vitro. Moreover, the
site of the lesion is easily accessible and small intestinal
biopsies need to be taken from coeliac disease patients as part
of the standard diagnostic procedure. In order to expand our
understanding of the pathogenesis of coeliac disease, we set
out to perform cDNA microarray analysis on a set of well
characterised duodenum biopsies from coeliac disease
patients with classic histopathology (Marsh III (MIII)) and
control individuals (Marsh 0 (M0)). Microarray analysis is a
powerful technique that allows the study of the level and
pattern of expression of thousands of genes simultaneously.6

We first thought that comparing MIII with M0 biopsies
might lead to the discovery of genes involved in the immune
response to gluten and the long term tissue destruction
seen in the small intestine of coeliac disease patients.
Subsequently, we investigated the molecular changes that
occur in MIII biopsies by comparing a collection of MIII
biopsies from individuals who were on a gluten free diet with
those on a gluten containing diet (that is, exposed to gluten).
We report two sets of genes that have not previously been

associated with the pathogenesis of coeliac disease. Our
results imply a role for novel candidate genes involved in the
maintenance of the intestinal villi. As some of these genes
map to chromosomal regions implicated in genetic mapping
studies, they may represent possible causal candidate genes.
The combination of well characterised intestinal biopsies

and cDNA microarrays is a unique method of studying the
molecular and cellular events taking place in the initiation

Abbreviations: HLA, human leucocyte antigen; M, Marsh; Th, T helper;
RT-PCR, reverse transcription-polymerase chain reaction; IFN,
interferon; IL, interleukin; APC, antigen presenting cells
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and further progression towards the mucosal transformation
seen in coeliac disease. It has not yet been applied to this
disease.

MATERIALS AND METHODS
Patients
Intestinal biopsies from 15 coeliac disease patients were
included in the study. All biopsies showed MIII histology and
were evaluated by one pathologist (JWRM) according to the
modified UEGW criteria.7

Seven patients (patients 1–7, table 1) suspected of having
coeliac disease were on a gluten containing diet when MIII
villous atrophy was histologically confirmed.
Another four coeliac disease patients (patients 8–11,

table 1) were on a gluten free diet for a year and reported
total clinical recovery although their intestines still showed
MIII characteristics. A slight histological improvement was
reported. In addition, biopsies were taken from the last
group of four patients (patients 12–15, table 1), who were
refractory coeliac disease type I patients.8 Biopsies of these
four refractory coeliac disease type I patients showed MIII
histology and no clinical improvement8 despite the fact that
they were on a strict gluten free diet. A team of dieticians
monitored compliance to the diet in all patients on a gluten
free diet.
In addition, duodenum biopsies from seven individuals

who had an endoscopic examination for other reasons were
used as control samples. The histology of these tissue biopsies
was completely normal (M0). Characteristics of the coeliac
disease patients and controls included in this study are
summarised in table 1.
The Medical Ethical Committee of the University Medical

Centre of Utrecht approved the study. All patients, or the
parents of paediatric patients, included in the study gave
written informed consent.

Biopsy sampling and RNA isolation
For each individual, two to three biopsies (15–20 mg) were
taken from the proximal duodenum by spike forceps

endoscopy. Fresh tissue samples were snap frozen and stored
in liquid nitrogen. Frozen biopsies were homogenised in
TRIzol with glass beads of 1 mm diameter using a Mini-
BeadBeater (BioSpec Products, Inc, Bartlesville, Oklahoma,
USA), and total RNA was isolated using TRIzol (Gibco/Life
Technologies, Rockville, Maryland, USA) following the
manufacturer’s protocol. The quality and quantity of the
RNA samples was determined using a 2100 Agilent
Bioanalyzer (Agilent Technologies, Palo Alto, California,
USA). Biopsies yielded an average of 3.6 mg of RNA/mg of
tissue.

Microarray hybridisation
The seven controls and 15 coeliac disease samples were
analysed by hybridisation screening of cDNA microarrays
obtained from the University Health Network of Toronto,
Ontario (Canada). Two different releases of slide sets, 19k2
and 19k3, containing 19 200 genes printed in duplicate on
two glass slides were used for the experiments.
First strand cDNA was prepared from 10 mg of total RNA

from biopsies and labelled with Cy3, as described by Van
de Peppel and colleagues.9 A surgical specimen from the
small bowel was used to generate a Cy5 labelled cDNA
probe for use as a reference in all coeliac disease and control
hybridisations. Between 200 and 300 ng of labelled cDNA
from the biopsies and reference tissues were used for a single
set of slides for overnight hybridisation. Slides were scanned
in a ScanArray 4000 XL (Packard BioScience, Boston,
Massachusetts, USA).
An MIAME compliant10 downloadable dataset and full

details of the protocols are available at http://humgen.
med.uu.nl/publications/CD/Microarrays/Diosdado_1.html or
http://www.ebi.ac.uk/arrayexpress/, experiment accession
No E-MEXP-42.

Image and data analysis
The scanned images were subjected to image analysis
using the Dearray suite11 for IPLab SPECTRUM software
(Scanalytics, Inc., Fairfax, Virginia, USA). The software, in a

Table 1 Characteristics of coeliac disease, refractory gluten free diet type I patients, and
controls included in the study

Sample Age/Sex Diagnosis Biopsy status` GFD� HLA typing Slide type1

1 18/F CD patient* MIIIb No DQ2+/DQ82 19k2
2 3/M CD patient MIIIb No DQ2+/DQ82 19k3
3 54/F CD patient MIIIc No DQ2+/DQ82 19k3
4 33/F CD patient MIIIa No DQ2+/DQ82 19k3
5 2/F CD patient MIIIc No DQ2+/DQ82 19k3
6 79/F CD patient MIIIb No DQ2+/DQ82 19k3
7 38/M CD patient MIIIa No DQ2+/DQ82 19k2
8 61/M CD patient MIIIb Yes DQ2+/DQ82 19k3
9 40/M CD patient MIIIb Yes DQ2+/DQ82 19k3
10 61/F CD patient MIIIa Yes DQ2+/DQ82 19k3
11 70/M CD patient MIIIa Yes DQ2+/DQ82 19k3
12 51/F RCD type I patient� MIIIa Yes DQ2+/DQ82 19k3
13 29/F RCD type I patient MIIIb-c Yes DQ2+/DQ8+ 19k3
14 84/F RCD type I patient MIIIa Yes DQ2+/DQ82 19k3
15 72/F RCD type I patient MIIIa Yes DQ2-/DQ82 19k3
16 32/F Control M0 No DQ2+/DQ8+ 19k2
17 40/F Control M0 No DQ2-/DQ82 19k3
18 51/F Control M0 No n/d 19k3
19 60/F Control M0 No n/d 19k3
20 36/F Control M0 No DQ2-/DQ82 19k2
21 32/F Control M0 No n/d 19k2
22 33/F Control M0 No DQ2-/DQ8+ 19k2

*CD patient, coeliac disease patient; �RCD patient, refractory gluten free diet type I patient.
`Histology was reviewed by the same pathologist (JWRM). Biopsies were classified according to the UEGW
criteria.
�GFD, gluten free diet.
1Two releases of microarray slides, 19k2 and 19k3, from the University Health Network, Toronto, Ontario
(Canada) were used for hybridisations.
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semi-automatic manner, identifies the fluorescent spots,
subtracts the local background, and determines a quality
score for each spot based on the spot’s intensity, size, local
background, and uniformity of intensity within the spot.12

Based on these parameters, a quality score is assigned to each
individual spot. All spots with a quality score .0.01 were
selected for further processing.
To correct for differences in the efficiencies between the

Cy3 and Cy5 channel, a method of global normalisation was
applied. The quantified signal intensity for the entire array in
both the Cy3 and Cy5 channels was averaged and equalised
by applying a normalisation factor. Subsequently, this
normalisation correction was applied to each individual spot
and the red to green ratio was calculated.12 As genes are
spotted in duplicate, the average of the 10log of the signal of
each of the two copies of the same gene was calculated only
when the quality score for both genes was .0.01. When only
one copy of the gene had a quality score .0.01, only the level
of expression of that gene copy was used.
Data analysis was performed with the GeneSpring package,

version 4.2.1 (Silicon Genetics, Redwood City, California,
USA). Genes whose expression was significantly different
between two groups of biopsy samples were selected from the
genes present on the slides by applying a Welch t test. Cluster
analysis was performed using a supervised cluster algorithm.

Gene analysis
To further define the biological function of the selected genes,
a homemade Java tool database was developed (Franke et al,
in press) for data storage, gene classification, and gene
analysis. This database also contains information on selected
genes such as GeneBank accession No, Locus Link ID,
chromosomal location, Emsembl ID, Unigene information,
Gene Ontology, and GeneCards ID.

Data validation by real time RT-PCR
A selection of genes that showed altered expression in the
microarray analysis was re-examined by real time reverse
transcription-polymerase chain reaction (RT-PCR) to validate
the changes observed in an independent manner. Firstly,
cDNA was generated from 1 mg of total RNA using the High
Capacity cDNA Archive Kit. PCR cycling was performed on a
7900HT Sequence Detection System in 25 ml SYBR Green PCR
Master Mix using 25 ng of reverse transcribed RNA. Target
genes were tested for using Assay-on-Demand Gene Expres-
sion products. The GUSB gene was used as an endogenous
reference to control for expression independent sample to
sample variability. Relative expression was determined from
the obtained Ct values and the 22DDCt method.13 All equip-
ment and reagents were purchased from Applied Biosystems
(Foster City, California, USA) and used according to their

protocols. Six genes (ALDOB, IL2RB, PDE7B, TM4SF4, TXN,
and TYK2), together with the GUSB reference, were tested in
duplicate on pooled cDNA from M0 normal controls (n=16)
and MIII coeliac patients (n=15). The pooling method was
used only after we had assessed that the mean of the data
obtained with ALDOB tested on individual samples was
similar to that of the pooled samples (table 2). This pooling
method was in agreement with our experiences with various
other genes not directly related to this study.

RESULTS
Identification of genes differentially expressed in MIII
biopsies versus M0 biopsies
In order to identify genes involved in the pathogenesis and
therefore in the inflammatory and immune response evoked
by gluten and leading to the tissue destruction observed in
the duodenal biopsies of coeliac disease patients, the expres-
sion profiles of 15 MIII biopsies from patients were compared
with seven M0 biopsies from control individuals. All biopsy
RNA samples from MIII coeliac disease patients, including
four refractory coeliac disease type I samples, were hybridised
onto cDNA microarrays. A Welch t test with a threshold p
value of ,0.001 revealed no differentially expressed genes
when comparing MIII refractory coeliac disease type I bio-
psies with MIII coeliac disease biopsies (data not shown). As
these two groups could not be distinguished based on their
expression levels, they were treated as a single group based
on their histological characteristics.
From all 19 200 genes present on the arrays, 10 674 had

sufficient data for comparison (that is, genes with a quality
score .0.01). A Welch t test with a threshold of p,0.001 was
applied to the data set and 109 genes were identified to be
differentially expressed between MIII and M0 biopsy sam-
ples. Approximately 11 genes were expected by chance alone.
A distance measurement was used to define the similarity of
the expression profiles for both the 22 samples and the 109
genes, and was depicted in a two dimensional hierarchical
dendrogram (fig 1A). The hierarchical cluster analysis
revealed two branches clearly separating the M0 and MIII
biopsies, with the exception of control No 19 that clustered
with the group of patient samples.
Of these 109 genes, 76 (69.7%) had an increased level of

expression in coeliac disease patients versus controls, and 33
genes (30.3%) had a decreased level of expression in coeliac
disease patients versus controls. The molecular function was
known or could be predicted for 46 of these 109 genes
(table 3).
Some of the differentially expressed genes result from the

histological changes but a significant number of them result
from the inflammatory response seen in MIII lesions of
coeliac disease patients. The results from these experiments
are consistent with the widely accepted T helper (Th)1
response.14 Although this observation in itself adds little new
insight, it does replicate previous independent findings.
Hence these observations support our results and thereby
validate microarray technology as a useful tool in providing
new insight into the pathogenesis of coeliac disease.
Although the key cytokines interferon (IFN)-c and tumour

necrosis factor a were not present on our slides, real time RT-
PCR of the IFNG gene showed extremely high levels of
expression of ,30-fold in MIII biopsies versus M0 biopsies.
Stimulation of the interleukin (IL)-2 signalling pathway
was further suggested by increased expression of the IL-2
receptor beta (IL-2RB) gene which was validated by real-time
RT-PCR (table 2), a member of the RAS oncogene family
(RAB1B), chromosome 20 open reading frame 64 gene
(C20orf64), and the RAP1, GTP-GDP dissociation stimulator
1 gene (RAP1GDS1). Furthermore, the nuclear factor kB
pathway seems to be induced, as suggested by upregulation

Table 2 Relative levels of average gene expression
levels in Marsh III coeliac patients versus normal controls,
as determined by microarray hybridisation and validation
by real time reverse transcription-polymerase chain
reaction

Gene Microarray RT-PCR

ALDOB* 0.51 0.23
ALDOB� 0.51 0.28
IL2RB2 1.36 1.28
PDE7B 0.64 0.94
TM4SF4 0.50 0.12
TXN 1.26 1.33
TYK2 1.30 0.99

Real time RT-PCR data for ALDOB are indicated as the mean of individual
samples* and as pooled samples� of normal controls (n = 16) and Marsh
III coeliac patients (n = 15). The other genes were tested only on pools.
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of the thioredoxin (TXN) gene and the lymphocyte cytosolic
protein 1 (LCP1) gene. Genes involved in complementary
functions, such as complement component 8 b polypeptide
(C8B) and the H factor 1 (HF1), were downregulated,
suggesting depletion of complement components.
Upregulation of both the TXN and the macrophage scaven-

ger receptor 1 (MSR1) genes in MIII versus M0 provides
evidence for the presence of active macrophages at the lesion
site. MSR1 is expressed by antigen presenting cells (APC) and
mediates activation of T cells and promotes adhesion of
activated B cells.15 16 It has also been suggested that MSR
class A is involved in the breakdown of the T cell self tole-
rance in mice.17 18 TRX enhances the immune response by
facilitating both a microenvironment for APCs and for T cell
interaction. It has been further proposed that TRX acts as
coadjuvant in cytokine mediated lymphocyte proliferation
between the APC which presents the gluten to the CD4+ T
cells.19 Upregulation of TRX was validated by real time RT-
PCR (table 2).
Many genes coding for proteins involved in lipid metabo-

lism and cholesterol homeostasis, such as ATP binding
cassette, subfamily A, member 7 (ABCA7), apolipoprotein
A-II (APOA2), and diaphorase (NADH) (DIA1), were upre-
gulated in MIII biopsies whereas hydroxy-delta-5-steroid
dehydrogenase, 3 beta- and steroid 1 (HSD3B1) was down-
regulated. Expression studies have shown that cd T cells
differentially express a large number of genes involved in
lipid and cholesterol homeostasis, implying that such cells
may be involved in these mechanisms.20 One of the
histological characteristics of MIII coeliac disease biopsies is
the presence of high numbers of intraepithelial cd T cells.3

Hence these results may reflect the increased number of cd
T cells in the intestines of coeliac disease patients.

Alternatively, increased expression of lipid and cholesterol
genes may point to increased biosynthesis of lipid bilayers. In
both cases, upregulation of these genes may be due to an
increase in the number of cells and not to upregulation ‘‘per
cell’’ of these genes.
Downregulation of the transmembrane 4 superfamily

member 4 gene (TM4SF4), which by real time RT-PCR
turned out to be down-regulated eightfold (table 2), and
upregulation of the retinol binding protein 4 gene (RBP4), are
both consistent with increased proliferation of cells in MIII
biopsies. Also, upregulation of annexin A6 (ANXA6), synap-
topodin (KIAA1029), and the solute carrier family 9 isoform 3
regulatory factor 1 (SLC9A3R1) genes suggests an increased
number of cells in early differentiation.
In summary, the differentially expressed genes point

towards an increased number of cd T cells and macrophages
at the lesion site, a Th1 response, and increased cell
proliferation.

Differential gene expression in MIII biopsies in
response to gluten withdrawal
To identify genes specifically involved in the response to the
environmental trigger gluten, MIII biopsies were subse-
quently divided into two groups. Four MIII biopsies from
coeliac disease patients who were on a gluten free diet for one
year were compared with seven MIII biopsies from patients
who were following a gluten containing diet at the time of
biopsy. The four biopsies of the refractory coeliac disease type
I patients were excluded from this analysis as these patients
do not show clinical and histological improvement on gluten
withdrawal, and so different molecular events may be
occurring in their biopsies.

Figure 1 (A) Hierarchical clustering dendrogram of duodenal genes from Marsh III (MIII) and Marsh 0 (M0) biopsies. Clustering of 109 genes across
22 samples clusters the seven control samples (blue bar) separately from the 15 coeliac disease patients (orange bar). Each column represents a coeliac
disease (MIII) or a control (M0) sample and each row represents an individual gene. For each gene, a green signal represents underexpression, black
signals denote similarly expressed genes, a red signal represents overexpressed genes, and grey signals denote missing data. Information on these
genes can be found in table 3 and on the website http://humgen.med.uu.nl/publications/CD/Microarrays/Diosdado_1.html. (B) Hierarchical
clustering dendrogram of duodenal genes from MIII biopsies with or without exposures to gluten. Clustering of 120 genes across 11 samples clusters
the seven samples of coeliac disease patients following a gluten containing diet (blue bar) separately from the four coeliac disease patients on a gluten
free diet (orange bar). Each column represents a sample and each row represents an individual gene. For each gene, a green signal represents
underexpression, black signals denote similarly expressed genes, a red signal represents overexpressed genes, and grey signals denote missing data.
Information on these genes can be found in table 3 and on the website http://humgen.med.uu.nl/publications/CD/Microarrays/Diosdado_1.html.
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A Welch t test was applied to 11 938 genes that had
sufficient data for comparison; 120 genes showed differential
expression at a threshold p value ,0.005 (table 4). We are
aware of the limitations of this small number of samples.
This experimental design is therefore less robust than the
MIII versus M0 comparison as the number of genes to
be expected by change alone would be 60. Although the

data should be interpreted with care, the general picture
that emerges from the data may give inroads into the effect
of gluten on the intestine. A two dimensional hierarchical
cluster showed a dendrogram tree (fig 1B) in which the
four patients on a gluten free diet clearly clustered sepa-
rately from the seven patients on a gluten containing
diet.

Table 3 Annotated genes differentially expressed in Marsh III (MIII) versus Marsh 0 (M0), grouped according to their function*

Gene symbol Gene name LocusLink ID
Chromosome
location

Ratio
MIII/M0�

Immune response related
C8B Complement component 8, beta polypeptide 732 1p32.1 0.67
HF1 H factor 1 (complement) 3075 1q31.3 0.80
MSR1 Macrophage scavenger receptor 1 4481 8p22 1.25
TXN Thioredoxin 7295 9q31.3 1.26
IL2RB Interleukin 2 receptor b 3560 22q13.1 1.36

Chemokines, cytokines, and growth factors
BTN2A1` Butyrophilin, BTF1 precursor 11120 6p22.2 1.18

Inflammatory mediators
PRG1 Proteoglycan 1, secretory granule 5552 10q22.1 1.21

Cancer related genes
DKFZP586A011 Cervical cancer 1 proto oncogene 25875 12q13.13 0.72
C20orf64 Chromosome 20 open reading frame 64 112858 20q13.12 1.30

Structural related genes
TM4SF4 Transmembrane 4 superfamily member 4 7104 3q25.1 0.50
IGFBP7 Insulin-like growth factor binding protein 7 3490 4q12 0.73
EPB42 Erythrocyte membrane protein band 4.2 2038 15q15.2 0.79
BTN2A1` Butyrophilin, BTF1 precursor 11120 6p22.2 1.18
SLC9A3R1 Solute carrier family 9, isoform 3 regulatory

factor 1
9368 17q25.1 1.20

RBP4 Retinol binding protein 4, interstitial 5950 10q23.33 1.24
KIAA1029 Synaptopodin 11346 5q33.1 1.43

Signal transduction
PPP3CB Calcineurin A beta 5532 10q22.2 0.76
RAP1GDS1 RAP1, GTP-GDP dissociation stimulator 1 5910 4q23 1.22
RAB1B RAB1B, member RAS oncogene family 81876 11q13.3 1.23
ANXA6 Annexin A6 309 5q33.1 1.24
LCP1 Lymphocyte cytosolic protein 1 3936 13q14.13 1.30
TYK2 Tyrosine kinase 2 7297 19p13.2 1.30
JFC1 NADPH oxidase related, C2 domain

containing protein
84958 1p35.2 1.34

Metabolic pathways and ion transport
mediators
ALDOB Aldolase B, fructose bisphosphate 229 9q31.1 0.51
PDE7B Phosphodiesterase 7B 27115 6q23.3 0.64
FLJ12899 Pantothenate kinase 3 79646 5q34 0.71
HSD3B1 Hydroxy-delta-5-steroid dehydrogenase,

3 beta- and steroid-1
3283 1p12 0.82

ABCA7 ATP binding cassette, subfamily A, member 7 10347 19p13.3 1.18
APOA2 Apolipoprotein A-II 336 1q23.3 1.21
SRI Sorcin 6717 7q21.12 1.23
GYG2 Glycogenin 2 8908 Xp22.33 1.27
SMUG1 Single strand selective monofunctional uracil

DNA glycosylase
23583 12q13.13 1.29

MRPS22 Mitochondrial ribosomal protein S22 56945 3q23 1.29
KCNQ3 Potassium voltage gated channel, KQT-like

subfamily, member 3
3786 8q24.22 1.30

ATP1A2 ATPase, Na+/K+ transporting, alpha 2 (+)
polypeptide

477 1q23.2 1.30

DIA1 Diaphorase (NADH) 1727 22q13.2 1.30
Cell cycle regulators and transcription factors
HBP1 HMG-box containing protein 1 26959 7q22.3 0.83
KHDRBS1 Sam 68 10657 1p35.1 1.11
NAP1L4 Nucleosome assembly protein 1-like 4 4676 11p15.4 1.27
C20orf64 Chromosome 20 open reading frame 64 112858 20q13.12 1.30
C21orf66 Chromosome 21 open reading frame 66 94104 21q22.11 1.38

Cell-cell signalling
ECM2 Extracellular matrix protein 2 1842 9q22.31 1.24
RIMS1 Regulating synaptic membrane exocytosis 1 22999 6q13 1.29
GRM3 Glutamate receptor, metabotropic 3 2913 7q21.12 1.37

Protein synthesis
EIF4EBP3 Eukaryotic translation initiation factor 4E

binding protein 3
8637 5q31.3 0.72

EIF2B3 Eukaryotic translation initiation factor 2B,
subunit 3

8891 1p34.1 1.27

*All of the genes can be found at http://humgen.med.uu.nl/publications/CD/Microarrays/Diosdado_1.html.
�Ratio of the expression level for each individual gene when comparing MIII coeliac disease biopsies with M0 biopsies. Genes with values ,1 are downregulated;
genes with values .1 are upregulated.
`Genes located in more than one functional group.
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Of these 120 genes, 46 (38.3%) were downregulated and
75 (62.5%) were upregulated in patients on gluten versus
coeliac disease patients refraining from gluten. Functional
annotation was available for 42 of the 120 genes.

Interestingly, the majority of the differentially expressed
genes suggest transcription is enhanced and mitotic activity
is suppressed in MIII coeliac disease patients who refrain
from gluten.

Table 4 Annotated genes differentially expressed in Marsh III (MIII) biopsies with or without gluten, grouped according to
functional pathways*

Gene symbol Gene name LocusLink ID
Chromosome
location

Ratio
gluten2/gluten+�

HLA and immune function genes
C5R1 Complement component 5 receptor 1 728 19q13.32 1.14
CD79B CD79B antigen 974 17q23.3 1.14
MAP4K4 Mitogen activated protein kinase kinase

kinase kinase 4
9448 2q11.2 1.31

ITGA4 Integrin, alpha 4 3676 2q31.3 1.39
Chemokines, cytokines, and growth factors
None

Inflammatory mediators
PDE4D Phosphodiesterase 4D, cAMP specific 5144 5q11.2 0.67
AUH` AU specific RNA binding protein 549 9q22.31 0.86

Cancer related genes
DEPC-1 Prostate cancer antigen-1 221120 11p12 0.79
M17S2 Membrane component, chromosome

17, surface marker 2
4077 17q21.31 1.24

RABL2B RAB-like protein 2B 11158 22q13.33 1.35
Structure related genes
ADAMTS9 A disintegrin-like and metalloprotease

with thrombospondin type 1 motif, 9
56999 3p14.1 0.74

ADRM1 Adhesion regulating molecule 1 11047 20q13.33 0.82
KL Klotho 9365 13q13.1 1.11
FN1 Fibronectin 1 2335 2q35 1.30

Metabolic pathways and ion transport mediators
PREP Prolyl endopeptidase 5550 6q21 0.56
PLCB4 Phospholipase C, beta 4 5332 20p12.2 0.79
AUH` AU specific RNA binding protein 549 9q22.31 0.86
RYR3 Ryanodine receptor 3 6263 15q14 1.22
IDH3A Isocitrate dehydrogenase 3, alpha

subunit
3419 15q25.1 1.21

BG1 Lipidosin 23205 15q23 1.21
SLC25A4 Adenine nucleotide translocator 1 291 4q35.1 1.25
CPT1A Carnitine palmitoyltransferase I, liver 1374 11q13.3 1.31

Cell cycle regulators and transcription factors
LOC51174 Delta-tubulin 51174 17q23.2 0.54
KIF5B Kinesin family member 5B 3799 10p11.22 0.76
CCNG1 cyclin G1 900 5q34 0.77
NT5C2 59-nucleotidase, cytosolic II 22978 10q24.32 0.83
ZNF26 Zinc finger protein 26 7574 12q24.33 1.19
POLR2C Polymerase II, RNA subunit C 5432 16q13 1.19
GTF2H1 General transcription factor IIH,

polypeptide 1
2965 11p15.1 1.24

MSI2 Musashi homologue 2 (Drosophila) 124540 17q23.2 1.28
ZNF317 Zinc finger protein 317 57693 19p13.2 1.32
CDC25A Cell division cycle 25A 993 3p21.31 1.46
PPP2R3A Protein phosphatase 2 (formerly 2A),

regulatory subunit B’, alpha
5523 3q22.3 1.49

POLD3 DNA polymerase delta subunit 3 10714 11q13.4 1.58
Signal transduction
SYPL Synaptophysin-like protein 6856 7q22.3 0.79
WAC WW domain containing adapter

with a coiled-coil region
51322 10p12.1 0.83

HNT Neurotrimin 50863 0.86
RGS16 Regulator of G protein signalling 16 6004 1q25.3 1.23
PSCD3 Pleckstrin homology, Sec7, and coiled/

coil domains 3
9265 7p22.1 1.33

CSPG6 Chondroitin sulphate proteoglycan 6
(bamacan)

9126 10q25.2 1.36

Others
Pro-neuregulin-3 precursor 10q23.1 0.69

HSPA6 Heat shock 70 kDa protein 6 3310 1q23.3 0.76
SARM Sterile alpha and HEAT/Armadillo

motif protein, orthologue of Drosophila
23098 17q11.2 1.26

AMSH Associated molecule with the SH3
domain of STAM

10617 2p13.1 1.29

PERQ1 Postmeiotic segregation increased 2-like
12

64599 7q22.1 1.59

HTF9C HpaII tiny fragments locus 9C 27037 22q11.21 1.61

*All of the genes can be found at http://humgen.med.uu.nl/publications/CD/Microarrays/Diosdado_1.html.
�Ratio of the expression level for each individual gene between biopsies from MIII coeliac disease patients on a gluten free diet (gluten2) and MIII coeliac disease
patients following a gluten containing diet (gluten+). Genes with values ,1 are downregulated; genes with values .1 are upregulated.
`Genes located in more than one functional group.
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Several of the genes were related to cell division and
cell cycle processes. The cyclin G1 (CCNG1) gene was
downregulated, indicating that less cells go from the G1
to S phase. Both the delta-tubulin (LOC51174) and kinesin
family member 5B (KIF5B) genes were also downre-
gulated. These two genes play a role in spindle forma-
tion. In addition, genes related to transcription such as
general transcription factor IIH, polypeptide 1 (GTF2H1),
polymerase II RNA subunit C (POLR2C), DNA polyme-
rase delta subunit 3 (POLD3), zinc finger protein 26
(ZNF26), and the zinc finger protein 317 (ZNF317) were
all upregulated.

DISCUSSION
Coeliac disease is a chronic inflammatory disorder trig-
gered by dietary gluten that shows major manifesta-
tions in the small intestine although other organ systems
may also be involved. Coeliac disease is an HLA associated
disease and over the past years our understanding of the
role of both HLA-DQ2 and -DQ8 molecules and gluten
polypeptides has been enhanced tremendously.2 Never-
theless, a detailed understanding of the molecular events
that take place in the intestine of genetically susceptible
individuals is lacking, as well as insight into the order
in which the events occur and other genetic factors that
are known to be important determinants of the disease.
To unravel novel aspects of the pathogenesis of coeliac
disease, cDNA microarray technology was used to moni-
tor expression of thousands of genes simultaneously. The
results from this study confirm earlier studies that coeliac
disease is a Th1 mediated disease,4 21 as evidenced by
upregulation of the IL-2 pathway. Interestingly, novel
genes are being identified that have not been proposed
previously as being important determinants of the path-
ogenesis of coeliac disease. These genes yield new insights
into the molecular processes underlying the flattened
mucosa.

Prolyl endopeptidase
The most notable gene differentially expressed in a com-
parison of coeliac disease patients on a gluten containing
diet versus those on a gluten free diet, is prolyl endopep-
tidase (PREP). The PREP gene encodes a cytosolic prolyl
endopeptidase that efficiently hydrolyses proline rich frag-
ments such as gliadin. PREP is upregulated in coeliac
disease patients on a gluten containing diet compared with
patients adhering to a gluten free diet. Furthermore, its
levels of expression stay elevated in controls. Interestingly,
this gene was also shown to be upregulated in seven con-
trol samples not on a gluten free diet compared with four
biopsies from coeliac disease patients on a gluten free diet
(p,0.003) and, to a lesser extent, when compared with
the four refractory coeliac disease samples on a gluten free
diet (p,0.025). This observation indicates that it is the
presence of gluten in the intestine which modulates
expression of this gene. It has been hypothesised that prolyl
endopeptidase cleaves gliadin in small fragments in the
intestine.22 We hypothesise that, in coeliac disease patients,
the activity of this molecule may be impaired and therefore
it does not cut gliadin into sufficiently small fragments
to create motifs long enough to be recognised by reactive
T cells.22 It has been proposed that a bacterial prolyl
endopeptidase from Flavobacterium memningoseticum may be
a target for future treatment of coeliac disease patients.23

Further research should be done in order to elucidate the
mechanisms controlling activation and expression of this
protein in the intestines of normal and coeliac disease
patients.

Molecular mechanisms controlling hyperplasia and
villous atrophy in MIII biopsies
Enterocytes, one of the main components of the villous,
arises from pluripotent stem cells located in the base of the
intestinal crypts. When these pluripotent stem cells stop
dividing, they complete their programme of differentiation
and start migrating towards the apical part of the villous.
Non-dividing epithelial cells located in the crypts of the small
intestine that are ready to migrate and differentiate express
the TM4SF4 gene.24 In vitro studies have suggested that
TM4SF4 plays a crucial role in regulation of proliferation and
differentiation along the crypts by inhibiting proliferation of
cells at the boundary of the crypt and villous. We observed an
eightfold decrease in the level of expression of the TM4SF4
gene in MIII biopsies of coeliac disease patients versus M0
biopsies of controls, implying a block in early differentiation
and failure to complete villous maintenance. Furthermore,
increased expression of the RBP4 gene and significant
upregulation (p,0.01) of the Eph related receptor tyrosine
kinase B3 (EphB3) gene in MIII versus M0 biopsies was
observed. EphB3 has recently been shown to be tightly
regulated by the Wnt cascade and it has been suggested that
this gene may play a decisive role in controlling not only
proliferation and differentiation but also migration and
location of cells along the crypts.25

Given these results, we propose that stem cells of the small
intestinal crypts start proliferating but do not receive a signal
to start differentiation, leading to the formation of undiffer-
entiated hyperplastic crypts and subsequently villous atro-
phy. This theory is further substantiated by results from the
second experiment in which MIII lesions with or without
exposure to gluten were compared. The presence of gluten
leads to increased mitotic activity, suggesting many prolifer-
ating cells. As soon as gluten is withdrawn from the diet,
mitotic activity diminishes, suggesting that cells stop pro-
liferating and, presumably, start differentiating. Although
the histology still shows a MIII lesion, this event might
actually be the first step towards normalisation of the
intestine. We further propose that the separate processes of
crypt hyperplasia and villous atrophy are molecularly inter-
twined and progression through different histological stages
may be regulated by genes implicated in the control of cell
proliferation and differentiation, such as TM4SF4.
So far, the early pathogenic events leading to villous

atrophy have been suggested to be direct effects of cytokines,
such as IFN-c,21 or hypoxia.3 In addition, using an ex vivo
model of fetal gut, Salmela and colleagues recently proposed
that increased levels of metalloproteinases are important
molecules for tissue remodelling and mucosal degradation in
inflammatory bowel disease and coeliac disease.26 However,
none of the 10 metalloproteinase family members, nor two of
its inhibitors that were present on our slides, showed a
significant change in expression level in MIII biopsies of
coeliac disease patients (data not shown), implying that
these molecules may not play a direct role in the tissue
damage in vivo. Until now, all studies have proposed that
villous atrophy is caused by destruction of enterocytes and,
consequently, loss of structure of the villous. We propose
that villous atrophy is not due to destruction of the villous
but rather to the failure of crypt cells to differentiate into
fully differentiated villous cells. As the cells seem to be
capable of continuing proliferation, this might explain crypt
hyperplasia.
We have successfully demonstrated the use of microarrays

as a general approach to studying complex human diseases.
Expression profiles of the selected biopsies propose known
genes that participate in the pathogenesis of coeliac disease
as well as new pathways that may play a potential role in
disease initiation and progression. Our results suggest that
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crypt hyperplasia may be explained by distortion in the ratio
between cell proliferation and cell differentiation of cells
composing the crypt-villi units. Further investigations of the
identified genes are required and will hopefully advance our
understanding of the molecular mechanisms underlying
coeliac disease. Finally, the finding that prolyl endopeptidase
is differentially expressed in coeliac disease patients may
provide new leads for therapy.
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ABSTRACT
Background & Aims: Coeliac disease (CD) is a gluten-induced malabsorption 
syndrome, marked by villous atrophy and a concomitant reduction of the 
absorptive surface. We aimed to determine whether events other than surface loss 
contributed to the nutrient deficiency. Methods: Microarray expression profiles 
were made from the duodenal mucosa of untreated CD patients (n=13), treated 
patients in various stages of remission (n=31), and non-CD controls (n=21). Genes 
up-regulated during tissue recovery were identified by combined ANOVA analysis 
and correlation with the profile of the brushborder gene DPP4. Results: After 
selection and filtering, 242 up-regulated genes were identified, most of which were 
characterized by a profile of gradual and progressive increase, synchronous with 
tissue normalization. Transcriptional increase progressed beyond the point where 
villi had already recovered. Diverse biological processes were involved, including 
the absorption and metabolism of sugars, peptides, fat, sterols, iron, and water. 
Loss of gene activity was associated with the pleiotropic clinical features of CD. 
We also observed a remarkable loss of detoxification capacity in CD, similar to 
that reported for inflammatory bowel disease (IBD). All our data pointed towards 
arrested differentiation of enterocytes in CD, supported by the transcriptional 
profiling and immunohistochemistry of the differentiation-promoting gene 
TM4SF4. Conclusions: CD is not only characterized by malabsorption due to 
villous atrophy but also by the consequences of arrested enterocyte differentiation. 
This impaired differentiation is only partly recovered after the villi have 
reappeared. This should be taken into consideration when dealing with gluten-
sensitive patients who do not display the classic picture of atrophic villi, but who 
could still be affected by partial malabsorption. 

INTRODUCTION
The response of coeliac disease (CD) patients to the cereal protein gluten is 
characterized by an intestinal inflammation that initiates a sequence of events in 
the mucosa, ultimately leading to a severe functional impairment. The successive 
steps in the mucosal remodeling involve the infiltration with lymphocytes, the 
development of hyperplastic crypts, and progressive atrophy of the villi1. This 
appears to be a tightly controlled reciprocal process, as atrophic patients on a 
gluten-free diet traverse this tissue transformation in reverse order, till the mucosa 
is completely normalized. This feature of CD makes it particularly attractive to 
study its pathogenesis, and more generally, to use it as a model for the regenerative 
processes in the intestine. Clinically, CD patients are characterized by the classic 
features of diarrhea, abdominal distention and discomfort, and malnutrition. 
However, long-term gluten exposure may lead to severe health-related problems 
that occur either in isolation or as a cluster and they may involve chronic fatigue, 
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growth retardation, anemia, osteopenia, infertility, spontaneous abortion, and 
neurological complaints2. 

So far it has been generally accepted that most, if not all, of these problems 
arise from macro- and micronutrient deficiency due to a loss in absorptive 
intestinal surface, directly related to the villous atrophy. In this study we 
demonstrate that, without negating the effect of atrophy, a hampered terminal 
differentiation of the enterocytes also leads to an incapacitated intestinal function 
that contributes to the pleiotropic clinical features of CD. By using global gene 
expression profiling we obtained direct insight into the diverse molecular processes 
perturbed. Interestingly, we observed a general impairment of detoxification in CD, 
a feature it has in common with inflammatory bowel disease (IBD)3.    

MATERIALS AND METHODS
Patient material
Clinical details on the patients with the Marsh classification of their duodenal 
biopsy samples are summarized in supplementary table 1. In total, 44 CD patients 
and 21 non-CD controls participated. Patients were diagnosed according to the 
UEGW criteria4. Thirteen of them were untreated at the time of diagnosis and 
their biopsies showed Marsh III lesions (villous atrophy, crypt hyperplasia, and 
lymphocytosis). The remaining 31 CD patients were being treated with a gluten-
free diet and were in various stages of remission: MIII (n=3), MII (n=9), MI (n=8), 
and M0 (n=11). Approval for this study was obtained from the Medical Ethics 
Committee of the University Medical Center Utrecht.

RNA isolation and microarray hybridizations
Two to three duodenal biopsies were obtained from each individual by forced 
forceps endoscopy, and stored in liquid nitrogen. A small bowel resection was 
used as a common reference sample to normalize all microarray hybridizations. 
Frozen biopsies were homogenized and total RNA was isolated as previously 
described5. RNA from the reference and the biopsy samples were amplified. RNA 
amplification was performed with 1 µg of total RNA by in vitro transcription 
with T7 RNA-polymerase and 5-(3-aminoallyl)-UTP following the manufacture�s 
instructions (Ambion Inc. TX, USA). Next, 1000 ng of each cRNA sample was 
used to incorporate either Cy3 or Cy5 label (Amersham Pharmacia Biotech, 
NJ, USA) as previously described6. Separate pools were made from Cy3- and 
Cy5-labeled reference cRNA. Samples used for hybridization had incorporation 
frequencies of labeled nucleotides typically between 1.5-2%. Dye-swap experiments 
were performed for all biopsy samples against the common reference (intestinal 
resection). In total, 130 hybridizations were carried out with microarray slides 
containing 21,521 70-mer oligonucleotides (Operon human version 2; 
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www.microarrays.med.uu.nl/microarrays/human2.phpsite). Samples were 
hybridized as dye-swap duplicates using 500 ng of either Cy3- or Cy5-labeled 
cRNA with the common reference labeled with the complementary dye. After 
overnight hybridization at 37°C, slides were washed manually and scanned with an 
Agilent G256AA DNA microarray scanner (100% laser power, 30% photomultiplier 
tube). All microarray expression data and protocols were deposited in the MIAME 
compliance database ArrayExpress7. 

Data analysis
Imagene v.5.6 software (BioDiscovery Inc., CA, USA) was used to quantify 
microarray signals. Data normalization on a sub-grid basis was performed with 
marrayNorm R package v.1.1.3, and its variance was stabilized with the VSN R 
package v.1.3.2, as described previously8. Relative expression of each gene was 
calculated as the ratio of each individual biopsy sample and the common intestinal 
tissue reference. Differentially expressed genes among the various patient and 
control groups were identified by ANOVA analysis (P < 0.05), using the MAANOVA 
R package v.0.95-39. A fixed-effects model was used that takes into account array 
and dye effects, and only genes with a false-discovery rate (FDR) adjusted tabulated 
p-value of q<0.05 were selected. 

The majority of the MAANOVA-selected genes, including the classic 
brushborder marker DPP4, displayed a consistent incremental increase in 
expression, coinciding with the Marsh recovery sequence (MIII-UT-MIII–MII–MI–
M0) (where UT stand for untreated). We took advantage of this feature by selecting 
additional genes with an expression profile highly correlated (r2 > 0.95) with that 
of DPP4, and filtered out those genes for which the ratio MIII-UT/M0 < 1.25 and 
the ratio MIII-UT/ NC < 1.25 (Where NC stands for non-CD control). Standard 
correlation selection and filtering was performed with GeneSpring v.6.1 (Silicon 
Genetics, Redwood City, CA, USA). Expression data of individuals in the same 
Marsh class were averaged and normalized against the average signal of the MIII-UT 
group. Functional annotations of the differentially expressed genes were derived 
from a PubMed literature study and Gene Ontology (www.geneontology.org). 

Immunohistochemistry
Paraffin embedded duodenal biopsy sections (5-6 µm) were used from CD patients 
(MIII) and healthy controls. Antigen retrieval was performed by 15 min. incubation Antigen retrieval was performed by 15 min. incubation 
with Pepsine in a glycine/HCl buffer, pH 2 (2.5 10E6 units/L, 0.1 M glycine). 
Incubation of anti-TM4SF4 (Wice, 1995) (1:4000) was performed overnight at 
4°C in phosphate buffered saline (PBS) with 1% bovine serum albumin (BSA). 
Powervision Rabbit-HRP (dilution 1:10000, DPVR-55HRP) was incubated for 
30 min. Sections were rinsed in PBS and incubated for 3 min. in phosphate 
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citrate buffer pH 5.8, followed by a 10 min. incubation with 2mM DAB (3-
3’diaminobenzidinetetrahydrocloride) and 0.03 % H

2
O

2 
in phosphate citrate buffer 

pH 5.8 for color development.

RESULTS
Differentially expressed genes and their molecular processes 
We used MAANOVA statistics (P < 0.05) and expression profile similarity to the 
brushborder gene DPP4 (r2 > 0.95; MIII-UT/M0 > 1.25 or MIII-UT/NC > 
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Figure 1. Representative expression profiles of 14 genes that show an incremental increase 
during the remission process of CD patients on a gluten-free diet. The mucosal histology 
of the Marsh recovery sequence is indicated in the upper part of the figure, and indicates 
villous atrophy (MIII), crypt hyperplasia (MII), lymphocytosis (MI), and complete remission 
(M0). Averaged relative expression values, after normalization to the untreated CD Marsh III 
patients (MIII-UT), are shown in the graph. The profile of brush border marker DPP4 (black 
squares) was used to identify more genes with a similar profile. Details on the genes depicted 
can be found in table 1. 
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A

SC MAANOVA 

B

Figure 2. Numbers and functions of genes up-regulated during the remission process in CD. 
Venn diagram (A), indicating the number of genes selected using either MAANOVA statistics 
or Standard Correlation (SC), and the intersection of both methods. Pie charts (B), illustrating 
the type of processes involved and, in brackets, the number of genes they contain. The 
‘metabolism’ genes are further categorized according to the five main functional processes 
relevant to this study.  
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1.25) to select a total of 242 genes that were up-regulated in the recovering 
CD duodenal mucosa. The expression profiles of 14 of these genes (including 
DPP4), representing various molecular processes, are shown in figure 1. The vast 
majority of the differentially expressed genes displayed this profile of a gradual 
and incremental increase during a remission that is marked by clearly defined 
histological transitions. Of the 242 up-regulated genes, 89 were identified by 
MAANOVA analysis, and 214 by similarity to the DPP4 profile (figure 2A). 
 The 61 genes selected by both analysis methods were typically characterized 
by a smoothly increasing profile and a marked differential expression (table 1). 
Although twice as many genes were identified with standard correlation compared 
to MAANOVA, there was no apparent difference in the spectrum of molecular 
processes that they represented (table 1). This is further underscored by the 
fact that 70% of the MAANOVA-selected genes were also recognized by DPP4-
correlation. In figure 2B we have grouped the up-regulated genes according to the 
molecular and cellular processes they represent. The largest group (83 genes) is 
that which we have lumped under the nominator ‘metabolism’, and which includes 
five main functions involved in nutrient absorption and processing relevant to 
the clinical picture of CD. Other major activated functions include proliferation 
and differentiation, transport, gene regulation, and signal transduction, and these 
possibly point more to the morphogenetic aspects of the mucosal transformation. 
More detailed information on the annotation and expression of the genes is given 
in table 1. It was remarkable that of the 242 genes, 59 (24%) could be attributed to 
epithelial cells, and 30 (12%) more specifically to the brushborder. This was even 
more evident in the five major nutrient absorption/processing groups: out of 83 
genes, 37 (45%) were expressed in epithelial cells, and 16 (19%) in the brushborder 
(table 1). This is probably an underestimation, due to a lack of functional 
annotation, but it clearly demonstrates that, despite using whole mucosal biopsies, 
valuable information can be obtained on the transcriptional activity of enterocytes, 
even those confined to specific apical functions.

Impaired functions and clinical pleiotropism
The wide range of impaired molecular processes in CD, as judged from 
the expression profiles, have compelling links to the wide-range nutrient 
malabsorption and diverse clinical features observed in the patients. In table 2 we 
have attempted to attach functional processes and specific genes to known clinical 
symptoms, although we are well aware that a one-to-one comparison will have 
limitations due to the concerted involvement of a multiplicity of genes within a 
myriad network. It is important to realize that because of this, entire integrated 
functional processes could be undermined by the gluten-evoked response.
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Table 1. Recovery of functional processes with increased gene expression in CD 
patients, in remission on a gluten-free diet

Gene symbol Expression Chromosome Statistics Relative expression in CD patients and controls

MA SC MIII-UT MIII MII MI M0 NC

Carbohydrate processing
ALDOB EPTH 9q21.3-q22.2 + + 1.00 1.66 2.03 2.28 2.33 2.33
ALDOC EPTH 17cen-q12 - + 1.00 1.06 1.18 1.13 1.39 1.27
FBP1 EPTH 9q22.3 + - 1.00 1.71 1.44 1.54 1.48 1.52
GALNT1 EPTH 18q12.1 - + 1.00 0.99 1.25 1.17 1.38 1.24
GALT EPTH 9p13 - + 1.00 1.03 1.19 1.10 1.23 1.24
IDH2 15q26.1 - + 1.00 1.13 1.52 1.36 1.37 1.49
ME1 EPTH 6q12 - + 1.00 1.22 1.35 1.18 1.21 1.27
PCK1 BBM 20q13.31 + + 1.00 1.30 1.59 1.51 1.49 1.53
PDK4  7q21.3 + + 1.00 1.36 1.66 1.48 1.59 1.54
PGM1 1p31 - + 1.00 1.20 1.39 1.25 1.34 1.25
SLC2A2 BBM 3q26.1-q26.2 + + 1.00 1.38 1.51 1.53 1.65 1.48
SLC2A5 BBM 1p36.2 + + 1.00 1.51 1.44 1.42 1.74 1.31
SLC2A12 EPTH 6q23.2 - + 1.00 1.16 1.25 1.25 1.33 1.27
SLC5A1 BBM 22q13.1- q12.3 + + 1.00 1.24 1.35 1.36 1.58 1.40
SMPDL3A 6q22.31 - + 1.00 1.18 1.19 1.13 1.37 1.24
SORD EPTH 15q15.3 - + 1.00 1.18 1.30 1.29 1.50 1.43
TREH BBM 11q23.3 + + 1.00 1.51 1.70 1.71 2.14 1.88

Peptide and amino acid processing
ACY1 EPTH 3p21.1 - + 1.00 1.15 1.42 1.24 1.36 1.24
ALDH18A1 EPTH 10q24.3 - + 1.00 1.18 1.29 1.19 1.39 1.24
ANPEP BBM 15q25-q26 + + 1.00 1.19 1.41 1.50 1.61 1.30
CAPN13  2p22-p21 + - 1.00 2.12 1.60 1.64 1.64 1.62
CTSE BBM 1q31 - + 1.00 1.39 1.43 1.42 1.56 1.42
DPP4 BBM 2q24.3 + + 1.00 1.24 1.53 1.45 1.69 1.59
DPP7 9q34.3 - + 1.00 1.04 1.18 1.18 1.15 1.27
GATM INTN 15q21.1 + + 1.00 1.18 1.54 1.47 1.83 1.56
GLS EPTH 2q32-q34 - + 1.00 1.06 1.25 1.16 1.37 1.32
MEP1A BBM 6p12-p11 + + 1.00 1.32 1.51 1.44 1.71 1.60
MME BBM 3q25.1-q25.2 + + 1.00 1.27 1.56 1.60 1.83 1.70
OAT EPTH 10q26 + + 1.00 1.32 1.54 1.25 1.58 1.47
P4HA2  5q31 - + 1.00 1.57 1.54 1.44 1.56 1.85
PEPD EPTH 19q12-q13.2 - + 1.00 1.25 1.47 1.36 1.48 1.35
SLC7A7 EPTH 14q11.2 - + 1.00 1.04 1.23 1.17 1.34 1.24
SLC15A1 BBM 13q33-q34 + + 1.00 1.18 1.45 1.48 1.89 1.40
VPS35 EPTH 16q12 + + 1.00 1.16 1.34 1.34 1.50 1.55
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MA SC MIII-UT MIII MII MI M0 NC

Lipid processing
ACADM 1p31 - + 1.00 1.25 1.43 1.38 1.49 1.38
ACAT1 EPTH 11q22.3-q23.1 + + 1.00 1.09 1.46 1.61 1.72 1.78
ACSS2 INTN 20q11.22 + + 1.00 1.70 1.49 1.57 1.69 1.51
APOA1 EPTH 11q23-q24 + + 1.00 2.96 3.12 4.04 5.78 5.01
APOB BBM 2p24-p23 + + 1.00 1.50 1.58 1.84 2.25 1.91
APOC2 EPTH 19q13.2 + + 1.00 1.53 1.87 1.73 2.19 2.06
APOC3  11q23.1-q23.2 - + 1.00 2.46 3.31 3.71 4.35 3.31
CD36 BBM 7q11.2 + + 1.00 1.25 1.56 1.63 1.93 1.78
ECH1 19q13.1 - + 1.00 1.08 1.25 1.18 1.22 1.32
FABP2 EPTH 4q28-q31 - + 1.00 1.13 1.30 1.35 1.41 1.29
HACL1  3p24.3 - + 1.00 1.24 1.44 1.44 1.51 1.38
HADHB  2p23 - + 1.00 1.08 1.34 1.31 1.39 1.38
HMGCS2  1p13-p12 - + 1.00 1.43 1.83 1.91 2.16 2.13
LIPA  10q23.2-q23.3 + + 1.00 1.45 1.61 1.52 1.70 1.64
LIPF EPTH 10q23.31 + - 1.00 1.03 2.28 1.30 1.49 1.12

Sterol/steroid/endocrine processing
ABCG5 INTN 2p21 - + 1.00 1.15 1.25 1.43 1.55 1.54
ADM EPTH 11p15.4 - + 1.00 1.24 1.29 1.35 1.35 1.41
ANGPTL4 INTN 19p13.3 - + 1.00 1.26 1.35 1.15 1.25 1.29
CTSH EE 15q24-q25 - + 1.00 1.25 1.26 1.22 1.34 1.35
DHRS8 EPTH 4q22.1 + + 1.00 1.41 1.31 1.36 1.60 1.51
HPGD EPTH 4q34-q35 - + 1.00 1.19 1.18 1.22 1.43 1.28
HSD17B2 EPTH 16q24.1-q24.2 - + 1.00 1.40 1.43 1.38 1.44 1.45
NCOA4 EPTH 10q11.2 - + 1.00 1.23 1.25 1.35 1.33 1.35
NELF 9q34.3 - + 1.00 1.05 1.21 1.23 1.39 1.24
PGRMC1 EPTH  Xq22-q24 - + 1.00 0.97 1.22 1.20 1.30 1.32
PGRMC2 4q26 - + 1.00 1.17 1.11 1.27 1.45 1.30
SCG3 EE 15q21 - + 1.00 1.29 1.49 1.35 1.26 1.46
SCP2 EPTH 1p32 - + 1.00 1.07 1.29 1.18 1.31 1.27
SC5DL 11q23.3 - + 1.00 1.18 1.14 1.26 1.25 1.31
TRHDE  12q15-q21 + + 1.00 1.35 1.40 1.47 1.68 1.47

Vitamins
ADH4 EPTH 4q22 - + 1.00 1.35 1.50 1.46 1.37 1.48
DHRS3 1p36.1 - + 1.00 1.38 1.28 1.24 1.37 1.37
GC 4q12-q13 - + 1.00 1.08 1.30 1.35 1.27 1.27
RDH5 EPTH 12q13-q14 - + 1.00 1.05 1.19 1.23 1.44 1.34
SLC23A1 BBM 5q31.2-q31.3 - + 1.00 1.33 1.40 1.29 1.42 1.42

Detoxification
ABCC2 BBM 10q24 + + 1.00 1.33 1.34 1.38 1.70 1.38
ABCG2 BBM 4q22 - + 1.00 1.39 1.44 1.27 1.45 1.25
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CYP2C9 EPTH 10q24 + + 1.00 1.27 1.37 1.45 1.64 1.38
CYP2C18 EPTH 10q24 - + 1.00 1.19 1.21 1.21 1.24 1.27
CYP3A4* EPTH 7q21.1 + + 1.00 1.77 1.93 2.50 3.26 3.22
CYP3A4* EPTH 7q21.1 + + 1.00 2.14 1.96 2.45 3.29 3.15
CYP3A7 EPTH 7q21-q22.1 + + 1.00 1.89 1.74 2.17 2.94 2.54
DHDH INTN 19q13.3 + + 1.00 1.51 1.66 1.40 1.81 1.43
GAL3ST1 EPTH 22q12.2 - + 1.00 1.25 1.41 1.46 1.60 1.47
GBA3 4p15.31 - + 1.00 1.02 1.45 1.31 1.38 1.32
GGT1 BBM 22q11.23 - + 1.00 1.16 1.48 1.17 1.41 1.32
GGTLA4 20p11.1 - + 1.00 1.06 1.17 1.15 1.38 1.31
GSTA4 EPTH 6p12.1 - + 1.00 1.14 1.19 1.07 1.21 1.24
FLJ16331 EPTH 11q13.1 + - 1.00 1.23 1.10 1.45 1.64 1.50
SULT2A1 INTN 19q13.3 - + 1.00 1.16 1.31 1.24 1.35 1.25
UGT1A9 EPTH 2q37 - + 1.00 1.37 1.43 1.33 1.45 1.33
UGT1A9 EPTH 2q37 + + 1.00 1.41 1.53 1.40 1.56 1.42
UGT2A3 INTN 4q13.2 + + 1.00 1.51 1.74 1.70 1.85 1.80
UGT2B7 INTN 4q13 + + 1.00 1.13 2.06 2.69 2.92 2.93

Oxidative stress
DHRS7 14q23.1 - + 1.00 1.40 1.33 1.40 1.37 1.45
GPX3 INTN 5q23 - + 1.00 1.26 1.26 1.21 1.25 1.29
MSRA EPTH 8p23.1 - + 1.00 1.22 1.26 1.32 1.23 1.37
NQO2 6pter-q12 - + 1.00 1.24 1.43 1.20 1.39 1.35
PRDX3 10q25-q26 + - 1.00 0.73 0.91 1.69 1.05 1.21
TXNRD2 EPTH 22q11.21 - + 1.00 1.39 1.71 1.50 1.43 1.43
VNN1 BBM 6q23-q24 + + 1.00 1.54 1.83 1.89 2.20 1.94

Defense
CXCL14  5q31 + + 1.00 1.37 1.51 1.64 1.61 1.62
CYP4F2 INTN 19pter-p13.11 + + 1.00 1.61 1.62 1.65 2.13 1.68
F10 EPTH 13q34 + + 1.00 1.30 1.47 1.77 1.84 1.98
FAM3C INTN 7q31 - + 1.00 1.18 1.23 1.28 1.29 1.24
IRAK4 INTN 12q12 - + 1.00 1.12 1.28 1.30 1.21 1.26
LEAP-2  INTN 5q31.1 - + 1.00 1.35 1.29 1.37 1.53 1.25
PAG1  8q21.13 + + 1.00 1.20 1.42 1.41 1.39 1.70
PPM1A 14q23.1 - + 1.00 1.07 1.16 1.14 1.27 1.24
PRAP1  10q26.3 + + 1.00 1.63 1.65 1.81 2.05 1.87
PYY2 EPTH 17q11 + + 1.00 1.46 1.35 1.59 1.75 1.60
RNF128  Xq22.3 - + 1.00 1.50 1.39 1.41 1.40 1.50
SPINK1 INTN 5q32 - + 1.00 1.34 1.18 1.40 1.47 1.47
TFPI EPTH 2q32 + - 1.00 0.92 1.29 1.24 1.64 1.38
TREM2 6p21.1 - + 1.00 1.26 1.63 1.30 1.36 1.49
TNFRSF11A 18q22.1 - + 1.00 1.34 1.47 1.39 1.39 1.35
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Transporters
AP3B2 15q - + 1.00 1.16 1.36 1.24 1.26 1.26
AQP10 BBM 1q21.3 + + 1.00 1.45 1.83 2.04 2.06 1.87
ATP9A 20q13.2 + - 1.00 0.64 0.97 1.51 0.93 1.04
CYBRD1 BBM 2q31.1 + + 1.00 1.44 1.88 2.14 2.16 2.29
GOSR1 17q11 - + 1.00 1.28 1.27 1.24 1.26 1.34
HBB  11p15.5 - + 1.00 1.59 1.53 1.65 1.59 1.70
HCP1 BBM 17q11.2 - + 1.00 1.00 1.20 1.29 1.42 1.33
HEBP1  12p13.1 + - 1.00 1.98 1.48 1.40 1.54 1.33
KCNK15  20q12-q13 + - 1.00 1.07 1.30 1.62 1.49 1.70
MOSC2 1q41 - + 1.00 1.02 1.15 1.13 1.24 1.25
PSCD4  22q12.3-q13.1 + - 1.00 1.55 1.22 1.81 1.34 1.64
PLLP BBM 16q13 - + 1.00 1.14 1.17 1.23 1.29 1.24
SLC4A4 EPTH 4q21 - + 1.00 1.25 1.30 1.43 1.37 1.45
SLC6A13 12p13.3 - + 1.00 1.21 1.34 1.21 1.29 1.35
SLC13A2 BBM 17p13.2 + - 1.00 1.01 1.08 1.62 1.65 1.22
SLC17A4 6p22-p21.3 - + 1.00 1.14 1.19 1.21 1.41 1.24
SLC25A24 1p13.3 - + 1.00 1.28 1.29 1.22 1.34 1.23
SNX3  6q21 - + 1.00 2.32 2.17 2.17 2.50 2.90
SNX24 5q23.2 - + 1.00 1.04 1.24 1.18 1.33 1.25
SRP19 5q21-q22 - + 1.00 1.28 1.15 1.22 1.29 1.28
TMEM37 2q14.2 - + 1.00 1.13 1.14 1.07 1.29 1.27

Proliferation/differentiation/remodeling
ABL1  9q34.1 + + 1.00 1.31 1.28 1.59 1.50 1.58
ANXA13 BBM 8q24.13 + + 1.00 1.36 1.47 1.29 1.63 1.66
BTG3  21q21.1-q21.2 + + 1.00 1.34 1.42 1.33 1.72 1.66
CAP2 6p22.3 + - 1.00 0.65 1.02 1.44 0.89 1.08
EFNA1 EPTH 1q21-q22 + - 1.00 0.98 1.27 1.62 1.44 1.44
ENPP2 8q24.1 - + 1.00 1.19 1.24 1.23 1.31 1.39
FZD2 INTN 17q21.1 + - 1.00 0.64 1.38 1.01 1.37 0.99
IGFBP3 7p13-p12 - + 1.00 1.19 1.25 1.13 1.30 1.34
IGFBP4 EPTH 17q12-q21.1 - + 1.00 1.14 1.14 1.26 1.53 1.33
IHH 2q33-q35 - + 1.00 1.21 1.22 1.24 1.34 1.30
ING4  12p13.31 - + 1.00 1.35 1.50 1.42 1.60 1.42
LAMB2 EPTH 3p21 - + 1.00 1.04 1.29 1.27 1.59 1.40
MATN2 8q22 - + 1.00 1.01 1.29 1.25 1.37 1.40
MUCDHL  11p15.5 - + 1.00 1.01 1.26 1.39 1.52 1.37
MXRA5 Xp22.33 - + 1.00 1.30 1.29 1.11 1.46 1.39
NELL2 EPTH 12q13.11-q13.12 + + 1.00 1.04 1.34 1.43 1.80 1.77
OTP 5q13.3 - + 1.00 1.16 1.28 1.23 1.24 1.26
PCLKC BBM 5q35.2 + + 1.00 1.35 1.57 1.80 1.96 1.74
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PLOD2  3q23-q24 + + 1.00 1.32 1.75 1.56 1.69 1.66
PPP1CC 12q24.1-q24.2 - + 1.00 1.15 1.10 1.12 1.25 1.24
PRRG2 EPTH 19q13.33 + - 1.00 0.95 1.46 1.09 1.53 1.14
PTPRF EPTH 1p34 + + 1.00 1.16 1.21 1.42 1.51 1.53
RGN Xp11.3 - + 1.00 1.15 1.17 1.17 1.26 1.28
SRC EPTH 20q12-q13 - + 1.00 1.08 1.24 1.35 1.34 1.27
TM4SF4 BBM 3q25 + - 1.00 3.24 1.57 2.48 5.25 3.62
TM4SF5  17p13.3 - + 1.00 1.47 1.56 1.47 1.79 1.47
TRIM45  1p13.1 - + 1.00 1.31 1.29 1.37 1.36 1.50

Cytoskeleton and cell adhesion
ACTA2 10q23.3 - + 1.00 1.05 1.12 1.22 1.26 1.30
ACTR1B  2q11.1-q11.2 + + 1.00 1.67 1.63 1.71 2.07 1.80
ANK3 EPTH 10q21 + + 1.00 1.12 1.37 1.25 1.56 1.45
DSG3 EPTH 18q12.1-q12.2 - + 1.00 1.12 1.29 1.28 1.46 1.24
EPB49 8p21.1 - + 1.00 1.16 1.21 1.30 1.19 1.25
FILIP1 6q14.1 - + 1.00 1.17 1.17 1.13 1.22 1.27
NCKAP1 2q32 - + 1.00 1.10 1.19 1.16 1.25 1.30
PDLIM7  5q35.3 - + 1.00 1.10 1.34 1.24 1.53 1.29

Signal transduction
ABRA 8q23.1 - + 1.00 1.07 1.19 1.23 1.20 1.30
AKAP9 7q21-q22 - + 1.00 1.12 1.18 1.22 1.29 1.26
APLP2 11q24 - + 1.00 1.09 1.29 1.38 1.45 1.39
CAMK2N1 (BBM) 1p36.12 + + 1.00 1.30 1.21 1.41 1.53 1.42
CERK 22q13.31 - + 1.00 1.14 1.18 1.42 1.40 1.42
DAMS 5q31.1 - + 1.00 1.31 1.33 1.37 1.34 1.33
GAPVD1 9q33.3 - + 1.00 1.22 1.25 1.21 1.23 1.28
GIPC2  1p31.1 - + 1.00 1.13 1.43 1.51 1.42 1.52
GNG12 1p31.3 + - 1.00 2.04 1.42 1.38 1.46 1.32
GPA33 EPTH 1q24.1 - + 1.00 1.28 1.20 1.27 1.47 1.28
GUCA2B BBM 1p34-p33 + + 1.00 1.30 1.34 1.99 1.90 1.81
ITPKC BBM 19q13.1 - + 1.00 5.35 4.47 5.14 4.01 4.76
PLEKHM1 17q21.31 - + 1.00 1.16 1.23 1.23 1.23 1.24
PLXNB1 3p21.31 - + 1.00 1.21 1.13 1.21 1.27 1.34
PTPN4  2q14.2 + - 1.00 1.13 1.64 1.07 1.84 1.06
RAB17 2q37.3 - + 1.00 1.19 1.19 1.22 1.39 1.29
RABL5 7q22.1 - + 1.00 1.21 1.32 1.26 1.40 1.34
REEP6  19p13.3 + + 1.00 1.11 1.38 1.33 1.58 1.47
TAS2R10 12p13 - + 1.00 1.11 1.31 1.36 1.22 1.42

Apoptosis
CIDEC 3p25.3 - + 1.00 1.15 1.32 1.34 1.28 1.38
FAM3B 21q22.3 - + 1.00 1.10 1.10 1.17 1.18 1.25
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Ubiquitination
FBXL3 13q22 - + 1.00 0.98 1.21 1.23 1.28 1.26
PSMA1 11p15.1 - + 1.00 1.13 1.19 1.21 1.16 1.25
UBE4B 1p36.3 - + 1.00 1.02 1.21 1.23 1.26 1.24
ZNRF3 INTN 22q12.1 + - 1.00 0.70 0.90 0.91 1.03 1.32

DNA/RNA-binding
FALZ 17q24.3 - + 1.00 1.20 1.23 1.30 1.35 1.27
FAM12A EPTH 14q11.2 + + 1.00 1.73 3.71 3.62 5.19 2.44
HELZ 17q24.2 - + 1.00 1.17 1.42 1.29 1.25 1.37
HMGB3 Xq28 - + 1.00 1.27 1.32 1.23 1.42 1.48
KLF9 9q13 - + 1.00 1.22 1.23 1.38 1.28 1.25
MAFK 7p22.3 + - 1.00 2.05 1.21 1.13 1.37 1.34
MEF2B  19p12 + - 1.00 1.52 1.56 1.41 1.68 1.64
MORC3  21q22.13 + - 1.00 1.55 0.97 1.18 1.34 1.59
MPHOSPH10 2p13.3 - + 1.00 1.27 1.32 1.35 1.28 1.26
NIN EPTH 14q22.1 - + 1.00 1.16 1.58 1.27 1.36 1.28
POU2F3  11q23.3 - + 1.00 1.29 1.31 1.46 1.32 1.59
PSKH1 16q22.1 - + 1.00 1.14 1.11 1.14 1.18 1.25
RFX1 EPTH 19p13.1 - + 1.00 1.27 1.41 1.61 1.38 1.41
RPL4  15q22 + + 1.00 1.94 1.89 2.16 2.48 2.36
SNAPC2 19p13.3-p13.2 - + 1.00 1.18 1.21 1.15 1.18 1.24
STAU1 20q13.1 - + 1.00 1.22 1.38 1.24 1.29 1.33
SUPT5H 19q13 + - 1.00 0.59 1.34 1.11 1.46 1.10
WDHD1  14q22.3 + + 1.00 2.46 3.29 3.99 4.72 3.37
ZNF655 7q22.1 - + 1.00 1.06 1.19 1.23 1.28 1.27
ZNF580 19q13.42 - + 1.00 1.09 1.39 1.16 1.29 1.26

Miscellaneous functions
ALPI BBM 2q37.1 + + 1.00 1.71 1.46 1.63 1.91 1.57
CDADC1 13q14.2 - + 1.00 1.19 1.19 1.08 1.27 1.25
CIB2  15q24 + + 1.00 1.12 1.31 1.39 1.52 1.58
CSN3 4q21.1 - + 1.00 1.17 1.53 1.14 1.45 1.47
LHPP 10q26.13 - + 1.00 1.05 1.13 1.26 1.26 1.29
NT5E  6q14-q21 - + 1.00 1.19 1.54 1.33 1.52 1.39
PEX12 17q12 - + 1.00 1.14 1.37 1.25 1.31 1.25
PXMP2  12q24.33 - + 1.00 1.30 1.41 1.38 1.44 1.56
QPRT  16p11.2 - + 1.00 1.16 1.27 1.12 1.29 1.37
REN EPTH 1q32 + + 1.00 1.15 1.47 1.67 1.79 1.75
SHMT1 17p11.2 - + 1.00 1.12 1.43 1.35 1.40 1.33

Unknown functions
ALS2CR11 2q33.1 + - 1.00 0.57 1.15 0.85 1.30 1.17
C5orf21 5q15 - + 1.00 1.16 1.16 1.23 1.21 1.24



Section II - High-throughput gene expression analysis

86

Chapter 5 - Arrested enterocyte differentiation causes CD clinical pleiotropism

87

Gene symbol Expression Chromosome Statistics Relative expression in CD patients and controls

MA SC MIII-UT MIII MII MI M0 NC

C20orf28 20pter-q11.23 + - 1.00 0.49 1.52 0.99 1.40 1.06
CCDC3 10p13 + - 1.00 0.88 1.18 1.22 1.39 1.43
COBL 7p12.1 - + 1.00 1.32 1.24 1.27 1.45 1.27
FAM76A  1p35.3 - + 1.00 1.48 1.62 1.47 2.24 1.40
FLJ23447 19p13.12 - + 1.00 1.19 1.24 1.40 1.46 1.44
KIAA1328 18q12.2 - + 1.00 1.12 1.10 1.15 1.22 1.26
LOC91893  11q23.2 - + 1.00 1.43 1.43 1.56 1.55 1.42
LOC284422 19p13.3 - + 1.00 1.26 1.35 1.41 1.47 1.38
LRRC45  17q25.3 - + 1.00 1.40 1.71 1.79 1.60 1.84
MAWBP  10pter-q25.3 + + 1.00 1.04 1.27 1.46 1.50 1.52
OAF 11q23.3 - + 1.00 1.23 1.30 1.17 1.23 1.24
PDZK7 10q24.31 + - 1.00 0.47 0.97 0.93 1.00 0.91
PRR8 7q36.3 - + 1.00 1.09 1.17 1.18 1.23 1.25
TMEM98 17q11.2 - + 1.00 1.17 1.24 1.19 1.32 1.27
TMEM133  11q22.1 - + 1.00 1.31 1.51 1.44 1.46 1.51
TMEM149 19q13.12 - + 1.00 1.28 1.50 1.28 1.42 1.31
TTC5 14q11.2 - + 1.00 1.37 1.34 1.33 1.28 1.39
TTC13 1q42.2 + - 1.00 0.68 0.95 1.50 0.91 1.19

*) Represents two different oligonucleotide sequences on the array corresponding to the same gene.
Abbreviations (in order of appearance): MA, microarray ANOVA; SC, standard correlation; MIII-UT, Marsh 
stage III untreated; MIII – M0, Marsh stage III – 0 in remission on a gluten-free diet and sequentially recovered 
from villous atrophy (MII), crypt hyperplasia (MI), and lymphocytosis (M0); NC, non-CD control; EPTH, epithe-
lial cell; BBM, brushborder membrane; INTN, intestine; EE, enteroendocrine cell.

Through the identification of FBP1 and PCK1 expression in enterocytes, 
other than just liver and kidney, it became apparent that the intestine plays an 
important role in gluconeogenesis10, 11. In addition, glucose and galactose uptake 
from the lumen is facilitated by SLC5A1 (SGLT1) at the apical site, while fructose 
is transported by SLC2A5 (GLUT5)12, 13. Basolateral transport of all three sugars 
to the circulation is facilitated by SLC2A2 (GLUT2), and mutation in this gene has 
been in reported in Fanconi-Bickel syndrome (Wright, 2003)13. Our expression 
data indicate that both the gluconeogenesis and the sugar transport are impaired, 
and may contribute to the energy depletion in CD patients. Sugar malabsorption 
is also indicated by the elevated caloric-value of patients’ stool (CJJM, unpublished 
results). Impaired peptide processing, as indicated by loss of brushborder 
endopeptidase function of DPP4, DPP7, and MME, may together contribute to 
physical wasting and developmental problems. The intestine also plays a major role 
in fatty acid metabolism through the binding of fatty acids by FABP1 and FABP2, 
and the formation chylomicrons and HDL particles for further transport to the 
circulation14. Chylomicrons are rich in APOB, APOC2, and particularly abundant in 
APOA1, APOC315, which form a gene cluster with APOA416. It had been
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Table 2. Impaired metabolic processes in coeliac disease due to arrested enterocyte 
differentiation and their possible relations to the diverse clinical features

Metabolic process impaired Examples of genes Related clinical features
Carbohydrate processing FBP1, PCK1, SLC2A2, SLC2A5, 

SLC5A1
Carbohydrate malabsorption, 
fatigue

Peptide and amino acid processing ANPEP, DPP4, DPP7, MEP1A, MME Wasting, failure to thrive
Lipid processing APOA1, APOB, APOC2, APOC3, 

FABP2, LIPA
Steatorrhea, fat malabsorption

Sterol/steroid/endocrine processing ABCG5, ADM, HPGD, HSD17B2, 
NCOA4

Infertility, spontaneous 
abortion, alopecia

Detoxification ABCC2, CYP3A4, CYP3A7, UGT2B7 Adenocarcinoma
Iron uptake HCP1, HEBP1, CYBRD1 Anemia
Water absorption AQP10 Diarrhea

 
suggested that sprue-like conditions could result in reduced apolipoprotein 
production14, and our results show that this is definitely the case. One of the 
hallmarks of severe fat malabsorption in CD is the steatorrhea2. We also observed 
several down-regulated genes involved in the sterol and steroid metabolism and 
these may be related to the reported endocrine17, and reproductive disorders 
associated with CD18, 19. Absorption of iron takes place in haem-form from animal 
food, requiring transport by HCP120, and free iron, usually Fe3+ that needs to be 
reduced to Fe2+ by CYBRD121. Down-regulation of both these genes in CD could 
be the major cause for the frequently observed anemia. Decreased expression of 
AQP10, located at the apical site of the enterocyte and involved in water uptake22, 
could pose a risk for dehydration or diarrhea to CD patients. The epithelial 
cells of the intestine are exposed to xenobiotics and endobiotics and a versatile 
detoxification system preserves the integrity of enterocytes, and is the first line of 
protection for the individual. Detoxification in the gut is facilitated by phase I genes 
(CYP3A4, CYP3A7, CYP2C9), phase II genes (UGT1A9, UGT2A3, GSTA4, SULT2A1), 
and transporters (ABCC2, ABCG2)23, 24. Impairment of this system in CD, as 
indicated by our results, is not known to be associated with for example a specific 
drug-sensitivity, probably due to detoxification by the liver. However, the chronic 
exposure of enterocytes to enterotoxins could contribute to the risk of developing 
CD-associated adenocarcinoma25.

Arrested enterocyte differentiation
The concerted down-regulation of genes involved in the diverse nutrient absorption 
and transport processes points toward a loss in enterocyte functionality that 
is compatible with a prematurely terminated differentiation program. This is 
supported by the strongly reduced expression of the differentiation marker TM4SF4 
in CD, both as transcript (figure 1, and table 1), and as brushborder protein (figure 
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3). TM4SF4 is known for its proliferation-inhibiting and differentiation-promoting 
effect26.

A B

Figure 3. Immunohistochemistry on duodenal biopsy sections using anti-il-TMP antibodies 
against the TM4SF4 gene product. TM4SF4 protein acts as a villus differentiation marker 
which is clearly present in the enterocyte brushborder of a control (A), but absent in the flat 
mucosa of a CD MIII patient (B).  

DISCUSSION
We have presented a global gene expression profile of the duodenal mucosa 
in CD during recovery on a gluten-free diet. Since the tissue transformation 
in CD is reversible by withdrawing gluten from the diet, we may assume that 
this is the same for the gene transcription patterns. By taking advantage of 
samples from sequential steps in the pathology, as we did, it is possible to 
identify more differentially expressed genes than in conventional patient-
control comparisons27. This is because a consistent and gradual change of the 
profile provides an additional selection parameter. Earlier we applied the same 
approach in a parallel study on the immune response in CD, using the same 
samples, but then concentrated on genes that diminished their expression during 
remission (Diosdado, submitted). An important aspect in this approach is that 
multiple patient samples per stage are used, preferably 10-20, as we have recently 
demonstrated (Wapenaar, submitted). 

With the current study we make a compelling case for arrested enterocyte 
differentiation as part of the CD pathology. The resulting malabsorption effect adds 
to that created by the reduced absorptive surface due to the villous atrophy. That 
the observed differential expression was not simply an effect of the villous atrophy 
is evident from the continued increase in the gene profile long after the villi had 
reappeared in the stages MII – M0. Our observation that enterocytes have not 
completed terminal differentiation in the MII - M0 range has serious implications 
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for the medical counseling of atypical CD patients who do not reach the full-
blown MIII stage28. Our data indicate that these patients still suffer, though less 
extensively, from an impaired intestinal function and that they should benefit from 
a gluten-free diet. The arrested enterocyte differentiation, affecting multiple cellular 
functions, is convincingly associated with the pleiotropic clinical features of the CD 
patients. 

It is noteworthy that the loss of detoxification has also been reported in IBD3. 
The concerted involvement of multiple pregnane X receptor (PXR) target genes was 
interpreted as a loss of expression of this transcription factor. The role of PXR was 
further underscored by its genetic association with IBD susceptibility29. A model 
was proposed in which the epithelial barrier defect in IBD pathology is caused 
by dysfunctional detoxification as a result of genetically impaired transcriptional 
regulators24. However, based on our observations in CD, a similar dysfunctional 
detoxification in IBD could result from arrested terminal differentiation, possibly 
evoked by bacterial stimuli like gluten does in CD. 

The question remains why gluten exposure in CD leads to incomplete 
epithelial differentiation. One possible explanation is that the inflammatory 
response induces enhanced stem cell proliferation30, thereby accelerating 
the migration along the crypt-villus axis of the developing enterocytes, with 
insufficient time to complete their differentiation program. Alternatively, arrested 
differentiation, or partial loss of differentiation, may be part of an evolutionary 
program developed and carefully orchestrated to temporarily trade functionality 
to escape from attacks by parasites and pathogens. The unwanted and chronic 
activation of such a program by the gluten-evoked inflammation might have 
become an evolutionary faux pass with the relatively recent introduction of wheat-
based food products in the human diet. 
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Supplementary table 1. Details on coeliac disease patients and controls 
included in this study

Individual ID Diagnosis Marsh Stage GFD Age 
(yrs)

Gender HLA

223 CD MIII no 67 F DQ2/8
193 CD MIII no 39 M DQ2/X
259 CD MIII no 54 F DQ2/2
100 CD MIII no 16 F DQ2/2
180 CD MIII no 2 M DQ2/X
310 CD MIII no 78 F DQ2/X
276 CD MIII no 33 F DQ2/X
284 CD MIII no 1 F DQ2/X
221 CD MIII no 37 F DQ2/X
341 CD MIII no 19 F DQ2/2
375 CD MIII no 62 M DQ2/X
369 CD MIII no 17 F DQ2/X
330 CD MIII no 2 M DQ2/2
286 CD MIII yes 70 M DQ2/X
406 CD MIII yes 55 F DQ2/2
230 CD MIII yes 60 F DQ2/X
109 CD MII yes 35 F ND
389 CD MII yes 30 F DQ2/X
54 CD MII yes 43 F DQ2/X
248 CD MII yes 36 F DQ2/X
260 CD MII yes 59 M ND
194 CD MII yes 52 M DQX/X
408 CD MII yes 49 F DQ2/8
185 CD MII yes 31 F DQ2/X
217 CD MII yes 51 F ND
343 CD MI yes 59 M ND
88 CD MI yes 50 M DQ2/8
231 CD MI yes 19 F DQ2/2
202 CD M0-I yes 64 M DQ2/8
237 CD M0-I yes 55 F DQ2/X
201 CD M0-I yes 35 F DQ2/2
110 CD M0-I yes 52 F DQ2/2
192 CD M0-I yes 50 M DQ2/X
368 CD M0 yes 2 F DQ2/X
225 CD M0 yes 89 F DQ2/X
190 CD M0 yes 28 F DQ2/8
321 CD M0 yes 82 F DQ2/X
339 CD M0 yes 60 F DQ2/X
105 CD M0 yes 75 F DQ2/2
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Individual ID Diagnosis Marsh Stage GFD Age 
(yrs)

Gender HLA

218 CD M0 yes 70 F ND
216 CD M0 yes 40 F DQ2/X
246 CD M0 yes 27 M DQ2/2
308 CD M0 yes 53 F DQ2/X
178 CD M0 yes 25 M DQ2/2
208 Control N/A N/A 70 F ND
188 Control N/A N/A 39 F ND
285 Control N/A N/A 37 F ND
385 Control N/A N/A 54 F ND
332 Control N/A N/A 54 F ND
158 Control N/A N/A 31 F DQX/X
102 Control N/A N/A 30 F DQ2/8
388 Control N/A N/A 4 F DQX/X
200 Control N/A N/A 35 F DQ2/X
220 Control N/A N/A 15 F ND
376 Control N/A N/A 22 F ND
Ams9 Control N/A N/A 35 F ND
331 Control N/A N/A 19 F ND
Ams 5 Control N/A N/A 32 F ND
247 Control N/A N/A 45 M ND
104 Control N/A N/A 45 F DQX/X
338 Control N/A N/A 36 F ND
256 Control N/A N/A 50 M ND
210 Control N/A N/A 27 F DQX/X
239 Control N/A N/A 59 F ND
196 Control N/A N/A 20 F ND

Abbreviations (in order of appearance): GFD, gluten-free diet; CD, coeliac disease; ND: not determined; N/A, 
not applicable.
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ABSTRACT
Background & Aims: Coeliac disease (CD), a gluten-induced malabsorption 
disorder, is characterized by enhanced intestinal permeability due to a 
dysfunctional tight junction (TJ). Our aim was to make a comprehensive 
transcriptional analysis of genes involved in the TJ network, both from the normal 
and the CD-affected duodenal mucosa. Methods: In total, 93 TJ-related genes were 
examined for transcriptional activity by qRT-PCR on low-density arrays. RNA 
was extracted from duodenal biopsies derived from non-CD controls (n=14), CD 
patients in complete remission (n=16), and patients with atrophic CD (n=18). 
Results: Transcriptional profiles were made from TJ genes coding for 
transmembrane proteins, adaptors, signal transducers, transcriptional regulators, 
and cytoskeletal proteins. The claudin profile was dominated by CLDN15, -3, and 
–7 and was evolutionary conserved in rodents. Three pairs of claudins revealed 
tight transcriptional co-regulation. In atrophic CD patients, the claudin profiles 
revealed a dynamic picture marked by extreme outliers, particularly for CLDN10. 
In 15 out of 18 cases, patients showed at least one claudin with an outlier-value, 
possibly causing a distorted claudin composition. The actin-binding ACTN4, and 
actin-regulator RHOA, were highly expressed and showed increased expression. We 
also observed remarkable induction of the growth factor EGF (> 60-fold in atrophic 
CD), which has a preserving effect on the epithelial barrier. Conclusions: The TJ 
transcriptome of the duodenum that we presented here lays a firm foundation 
for further genomics and proteomics research in intestinal disorders. The TJ 
expression profile in atrophic CD points toward a distorted claudin regulation, and 
changed dynamics of the actinomyosin cytoskeleton.

INTRODUCTION
Coeliac disease (CD) is a gluten-induced inflammatory condition of the small 
intestine characterized by atrophy of the villi, crypt hyperplasia, and lymphocyte 
infiltration1. The associated nutrient absorption deficiency results in a complex 
of clinical features2. The inflammation also has a negative effect on the barrier 
function of the epithelium as is evident from the increased permeability for 
macromolecules3, the reduced trans-epithelial resistance4, and the induced immune 
response to luminal commensals like Saccharomyces cerevisiae5, 6. 
The tight junction (TJ) is the most apical epithelial junction and plays a key role 
in selective paracellular transport, barrier function, and polarity7. A functional 
TJ consists of transmembrane proteins and membrane-associated adaptors that 
relay information to an intricate network of signal transducers and transcriptional 
regulators8-10. Although enhanced permeability in CD is an established fact for 
over 30 years, little is known about the mechanism behind this phenomenon. 
Indeed, most permeability studies in CD are limited to observations on the TJ 
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adaptor protein ZO-111. In general, information is scarce on the transcriptional 
regulation of TJ-related genes in the human small intestine. Here we present a 
comprehensive gene expression study of the extended TJ gene network in both 
the healthy duodenum, and in the duodenal mucosa affected by CD. For the first 
time this transcriptome gives insight in the TJ gene activity in the normal intestine 
and the complex transcriptional dynamics resulting from the gluten-induced 
inflammation.  

MATERIALS AND METHODS
Patient material
This study was performed with 14 non-CD controls, 16 CD patients in complete 
remission (Marsh 0, M0) on a gluten-free diet, and 18 atrophic CD patients 
(Marsh III, MIII). Duodenal biopsy samples were collected with forced forceps 
endoscopy. Histological examination and Marsh classification, according to the 
UEWG criteria12, were performed by experienced pathologists (GAM and JWRM). 
Biopsies to be used for RNA isolation were stored in either liquid nitrogen, or 
RNALater (Ambion, Austin, TX) at –20oC. Patients enrolled in the study signed an 
informed consent. This study was approved by the Medical Ethics Committee of 
the University Medical Center Utrecht. 

Gene expression
The isolation of total RNA from duodenal biopsies, using tissue homogenization 
with glass beads and extraction with TRIzol (Invitrogen, Carlsbad, CA), was as 
described previously13 (Wapenaar, 2004). All subsequent steps were performed 
with reagents, equipment, and protocols purchased from Applied Biosytems 
(Foster City, CA). RNA samples of 1 ug were used for cDNA synthesis with the 
High Capacity cDNA Archive Kit. Pools were made from individually prepared 
cDNA samples for the 14 non-CD controls and the 16 CD M0 patients. The 18 
CD MIII samples were tested separately. Custom-made Low Density Arrays, LDA 
(formerly known as Micro Fluidic Cards), were loaded with cDNA from 800 ng 
RNA, suspended in 800 ul Universal Master Mix, and equally separated over 
the eight channels of each card. The custom LDAs consisted of 384-well cards 
loaded with Taqman assays for 93 TJ target genes and the endogenous control gene 
GUSB, all spotted in quadruplicate. Target genes and assay catalogue numbers 
are summarized in table 1. PCR cycling and data collection was performed on an 
SDS 7900HT. SDS2.2 software was used for data analysis. Quantification of gene 
expression in the normal intestine was relative to that of the GUSB gene. Gene 
expression in CD M0 and MIII samples was normalized to that of the non-CD 
controls. 
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RESULTS
The TJ gene network
We based our gene list of the TJ pathway on reports in the literature8-10, and the 
KEGG database (www.genome.jp/kegg/). The genes in this network, and the 
known interactions of their products, are depicted in figure 1. 

Figure 1. Interactive gene network related to TJ functionality, according to KEGG.

The normal duodenum
The expression of 93 TJ genes in the normal duodenal mucosa relative to the 
endogenous control GUSB is depicted in figure 2, and summarized in table 1. The 
expression profile of the 25 tested transmembrane genes is dominated by CLDN15 
and, to a lesser extent, by CLDN3 and CLDN7 (figure 2A). Ordered according to 
the expression level: CLDN15 > -3 > -7 > -12 > -4 > -2 > -17 > -8 > -10 > -5 > -6 > -9 
> -18 > -1 > -11. CLDN14, -16, -19, and –20 were below the detection level. Of the 
crumbs family, only CRB3 appeared to be expressed in the duodenum, at a similar 
level as occludin. The JAM-1 gene F11R was moderately high expressed, in contrast 
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to the JAM-4 gene LOC150084, that was hardly detectable (figure 2A). The adaptor 
gene profile (n=21) is shown in figure 2B and is characterized by a high expression 
for the occluding-binding and vesicle targeting VAPA gene14. Moderately high 

Table 1. Expression of TJ pathway genes in the normal duodenal mucosa, relative to 
the endogenous control gene GUSB

Symbol Alias Assay ID RQ minus SD plus SD

Transmembrane proteins
CLDN1 Hs00221623_m1 0.0179 0.0160 0.0202
CLDN2 Hs00252666_s1 0.5542 0.5303 0.5792
CLDN3 Hs00265816_s1 4.5996 4.4181 4.7886
CLDN4 Hs00533616_s1 0.7531 0.7125 0.7959
CLDN5 Hs00533949_s1 0.1389 0.1301 0.1482
CLDN6 Hs00607528_s1 0.0682 0.0601 0.0774
CLDN7 Hs00600772_m1 2.1317 2.0575 2.2085
CLDN8 Hs00273282_s1 0.2752 0.2596 0.2918
CLDN9 Hs00253134_s1 0.0478 0.0435 0.0525
CLDN10 Hs00199599_m1 0.1909 0.1467 0.2484
CLDN11 Hs00194440_m1 0.0134 0.0109 0.0164
CLDN12 Hs00273258_s1 0.7607 0.7107 0.8142
CLDN14 Hs00377953_m1 <0.0003
CLDN15 Hs00204982_m1 7.9086 7.6137 8.2148
CLDN16 Hs00198134_m1 <0.0003
CLDN17 Hs00273276_s1 0.3607 0.3434 0.3789
CLDN18 Hs00212584_m1 0.0293 0.0274 0.0314
CLDN19 Hs00381204_m1 <0.0003
CLDN20 Hs00378662_m1 <0.0003
CRB1 Hs00201372_m1 <0.0003
CRB2 Hs00543624_m1 <0.0003
CRB3 Hs00373616_m1 0.5854 0.5633 0.6085
F11R JAM-1 Hs00375889_m1 2.3432 2.2234 2.4695
LOC150084 JAM-4 Hs00401212_m1 0.0103 0.0094 0.0112
OCLN Hs00170162_m1 0.4715 0.4487 0.4955

Adaptors
CASK Hs00177620_m1 2.6723 2.4301 2.9387
CGN Hs00430426_m1 2.6989 2.5141 2.8973
CXADR CAR Hs00154661_m1 2.1378 2.0393 2.2411
INADL PATJ Hs00195106_m1 0.9301 0.8787 0.9845
LLGL1 Hs00188098_m1 0.0657 0.0582 0.0743
LLGL2 Hs00189729_m1 2.3512 2.2379 2.4703
MAGI1 AIP3 Hs00191026_m1 0.5800 0.5421 0.6205
MAGI2 AIP1 Hs00202321_m1 0.0459 0.0313 0.0674
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Symbol Alias Assay ID RQ minus SD plus SD

MAGI3 Hs00326365_m1 0.3029 0.2922 0.3139
MPDZ MUPP1 Hs00187106_m1 0.0700 0.0603 0.0812
MPP5 PALS1 Hs00223885_m1 1.2986 1.1863 1.4215
PARD3 PAR3 Hs00219744_m1 0.2537 0.2377 0.2708
ALS2CR19 PAR3B Hs00365140_m1 0.1907 0.1729 0.2103
PARD6A PAR6 Hs00180947_m1 0.0213 0.0195 0.0234
PARD6B PAR6B Hs00325996_m1 0.2443 0.2276 0.2622
PARD6G PAR-6G Hs00261284_m1 0.0138 0.0103 0.0186
TJP1 ZO-1 Hs00268480_m1 0.8703 0.7981 0.9491
TJP2 ZO-2 Hs00178081_m1 0.0155 0.0122 0.0198
TJP3 ZO-3 Hs00274276_m1 0.9380 0.8551 1.0289
TJAP1 PILT Hs00369777_m1 0.0371 0.0315 0.0438
VAPA VAP33 Hs00427749_m1 5.5772 5.1873 5.9964

Signalling proteins
AMOTL1 JEAP Hs00294070_m1 0.2134 0.1954 0.2331
ARHGEF2 GEF-H1 Hs00190884_m1 0.1381 0.1092 0.1746
CDC42 Hs00741586_mH 0.0101 0.0076 0.0134
CSNK2A1 Hs00601957_m1 0.1152 0.1046 0.1268
MLLT4 AF6 Hs00180592_m1 1.0994 1.0035 1.2044
PPM1J Hs00374513_m1 0.0069 0.0047 0.0101
PPP2CA Hs00427259_m1 0.8939 0.8302 0.9625
PPP2CB Hs00602137_m1 1.2641 1.1769 1.3577
PPP2R1A Hs00204426_m1 2.8818 2.7842 2.9828
PPP2R1B Hs00184737_m1 0.5352 0.4687 0.6111
PPP2R2A Hs00160392_m1 1.0793 1.0252 1.1362
PPP2R2B Hs00270227_m1 0.0737 0.0658 0.0826
PPP2R2C Hs00739033_m1 0.0280 0.0256 0.0305
PPP2R3A Hs00160407_m1 0.0993 0.0939 0.1050
PPP2R3B Hs00203045_m1 0.1005 0.0912 0.1108
PPP2R4 Hs00603515_m1 0.4484 0.4327 0.4646
PRKCA Hs00176973_m1 0.5701 0.5511 0.5897
PRKCB1 Hs00176998_m1 0.0916 0.0841 0.0997
PRKCD Hs00178914_m1 1.2632 1.2100 1.3188
PRKCE Hs00178455_m1 0.1890 0.1740 0.2054
PRKCG Hs00177010_m1 0.0263 0.0236 0.0293
PRKCH Hs00178933_m1 0.4629 0.4493 0.4769
PRKCI Hs00702254_s1 0.0419 0.0374 0.0469
PRKCQ Hs00234697_m1 0.0907 0.0790 0.1040
PRKCZ Hs00177051_m1 1.3055 1.2291 1.3866
PTEN Hs00829813_s1 0.0607 0.0526 0.0700
RAB3B Hs00267896_m1 0.0498 0.0426 0.0583
RAB13 Hs00762784_s1 0.3537 0.3085 0.4054
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Symbol Alias Assay ID RQ minus SD plus SD

RAC1 Hs00251654_m1 0.1810 0.1639 0.1999
RHOA Hs00357608_m1 7.9990 7.5897 8.4304
ROCK1 Hs00178463_m1 0.4844 0.4689 0.5004
ROCK2 Hs00178154_m1 1.2579 1.1926 1.3268
SEC6L1 Hs00292654_m1 0.3544 0.3424 0.3667
SEC8L1 Hs00253986_m1 1.2648 1.1829 1.3523
ZAK MLK7 Hs00370447_m1 0.1009 0.0915 0.1113

Actin-binding
ACTN1 Hs00241650_m1 0.5701 0.5531 0.5876
ACTN4 Hs00245168_m1 5.1159 4.8622 5.3828
CTTN Hs00193322_m1 1.0674 0.9587 1.1886
EPB41 Hs00270045_m1 0.9752 0.9047 1.0513
MLCK Hs00417542_m1 <0.0003
MYLK Hs00364926_m1 0.4206 0.3836 0.4611
SPTAN1 alpha 

fodrin
Hs00162203_m1 2.2274 1.9715 2.5165

Transcriptional regulators
ASH1L huASH1 Hs00218516_m1 1.0190 0.9730 1.0672
CDK4 Hs00364847_m1 0.8909 0.8345 0.9511
SYMPK Hs00191361_m1 0.5579 0.5268 0.5909

Growth factor
EGF Hs00153181_m1 <0.0003
EGFR Hs00193306_m1 0.1658 0.1510 0.1819

Abbreviations: RQ, relative quantification; SD, standard deviation from quadruplicate measurements.

expression was found for CASK, CGN, LLGL2, and CXADR (CAR), and moderate 
expression for MPP5 (PALS1), INADL (PATJ), TJP1 (ZO-1), and TJP3 (ZO-3). TJP2 
(ZO-2) was very low expressed. The MAGUK family members MAGI1 > MAGI3 
> MAGI2 had expression levels in the order as indicated. The signal transduction 
profile (n=35) was marked by a high expression of the small GTPase RHOA, and 
a moderately high expression for the protein phosphatase 2, regulatory subunit 
PPP2R1A (figure 2C). Moderate expression was observed for other PPP2-related 
genes, PRKCD, PRKCZ, MLLT4 (AF6), ROCK2, and SEC8L1. Figure 2D shows 
the expression of seven actin-binding genes in which ACTN4 stands out. Three 
transcriptional regulators (ASH1L, CDK4, and SYMPK) are moderate expressed. 
The growth factor EGF, known for its barrier-promoting effect, was below detection 
level. Its receptor EGFR showed low-level expression.
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Figure 2. Quantification of the transcriptional activity of TJ pathway genes in the normal 
duodenal mucosa, relative to the housekeeping gene GUSB. Genes are grouped according 
to the function of their products: A) structural transmembrane components of the TJ;  
B) adaptors; C) signal transduction; D) actin-binding proteins (blanc), transcriptional 
regulators (grey), and growth factors (black). Error bars indicate standard deviations from the 
average of quadruplicate measurements.
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The coeliac disease-affected duodenum
Next, we assessed the profile of the same TJ genes expressed in the duodenal 
mucosa of CD patients. We determined the expression in pooled cDNA from 
16 patients in complete remission (M0), as well as 18 individual CD cases with 
villous atrophy (MIII), relative to that in pooled cDNA from 14 non-CD controls. 
These results are summarized in table 2. The members of the claudine family 
displayed a remarkable dynamic expression behavior leading to considerable 
expression differences among the MIII patients. In the most extreme case this 
could amount to a 3000-fold difference (CLDN10, patient 2 versus 6). The claudins 
most variable in expression were CLDN6, -8, -10, -17, and –18 (CV > 100). This 
resulted in outliers with an extreme low or high expression. CLDN10 expression 
was particularly variable as seven out of 18 MIII cases were low outliers (< 0.05-
fold), with a single high outlier (3.32-fold). CLDN8, -17, and-18, showed five, four, 
and four low outliers, respectively. We also observed that in some of the patients 
more outlier data accumulated, e.g. patient 3 showed four claudins with extreme 
low (CLDN8, -10, 17, and -18), and a single claudin (CLDN5) with high expression. 
In contrast, patient 16 and 18 showed high outliers for five and seven claudins, 
respectively. In total, twelve out of the 18 MIII cases showed for at least one claudin 
extreme low expression.  Considering all MIII cases, there were only three patients 
(cases 4, 7, and 9) in which not a single claudin displayed extreme expression 
behavior. Because of these strong expression fluctuations among the patients it was 
not possible to make a general remark about up- or down-regulation of specific 
claudins as a result of the CD pathology. 

Transcriptional co-regulation of claudin genes
When we plotted the relative expression of the claudin genes for all 18 MIII 
patients we observed that some patterns appeared similar, suggesting co-regulation 
of gene expression (figure 3). We made a pair-wise comparison for all the 
expression data of the 15 claudins expressed in the duodenum and calculated the 
correlation coefficients. There were five pairs of claudins with a high correlation 
(r2 > 0.7) in expression (figure 3A). These could be grouped in two basic profiles 
(figure 3B and 3C) of three highly correlated claudin pairs (CLDN2 and –12; 
CLDN6 and –9; and CLDN8 and -17). CLDN6 and –9 are juxtapositioned in a 
tail-to-tail fashion on chromosome 16p13.3, while CLDN8 and –17 are adjacent 
tail-to-head on chromosome 21q22.11. A pair-wise location in the genome does not 
necessarily lead to co-regulation of claudins as exemplified by CLD3 and CLDN4, 
which are organized head-to-head on chromosome 7q11.23 but lack expression 
correlation (figure 3A). In contrast, CLDN2 and CLDN12 are highly co-regulated
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Table 2. Expression of TJ pathway genes in the duodenal mucosa of CD-affected atrophic stage       MIII, and remission stage M0, relative to non-CD controls

Symbol Alias Assay ID RQ 
CD 
M0

RQ CD MIII patients Avrg SD CV

    1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18    

Transmembrane proteins

CLDN1 Hs00221623_m1 1.63 2.00 1.85 1.76 1.21 5.69 3.36 0.50 5.42 1.15 0.66 1.70 1.70 2.75 1.07 1.00 4.49 1.05 5.88 2.40 1.79 75

CLDN2 Hs00252666_s1 0.96 1.47 2.89 1.07 2.23 2.16 1.73 1.08 2.10 0.98 0.98 1.84 2.49 1.05 1.58 0.78 3.54 1.29 5.57 1.93 1.17 61

CLDN3 Hs00265816_s1 1.33 0.85 1.16 0.97 1.44 1.12 0.87 0.90 1.28 1.98 2.54 0.91 0.82 1.36 1.82 1.85 1.27 1.79 0.97 1.33 0.49 37
CLDN4 Hs00533616_s1 0.92 1.36 1.05 0.88 0.94 1.25 0.86 0.70 0.32 0.79 0.69 0.72 0.83 0.55 0.85 0.70 1.03 1.22 1.83 0.92 0.34 37

CLDN5 Hs00533949_s1 1.01 0.43 0.56 4.54 0.62 0.74 0.53 1.96 0.25 0.97 0.49 0.49 0.83 1.51 1.38 0.86 1.05 1.05 0.82 1.06 0.97 91

CLDN6 Hs00607528_s1 1.26 0.35 0.07 0.64 0.59 0.89 0.43 0.58 0.59 1.65 1.14 0.35 0.46 1.87 3.08 1.34 3.37 1.50 6.88 1.43 1.64 114

CLDN7 Hs00600772_m1 1.02 0.92 1.63 1.77 1.15 1.48 0.97 0.88 0.53 0.86 0.68 1.21 1.14 0.94 0.99 0.47 1.25 1.09 1.35 1.07 0.35 32

CLDN8 Hs00273282_s1 1.71 0.09 0.03 0.08 0.31 0.26 0.24 0.24 1.07 0.74 0.94 0.05 0.15 0.97 2.50 0.61 7.29 0.81 7.19 1.31 2.24 171

CLDN9 Hs00253134_s1 1.22 0.24 0.37 0.84 0.53 0.74 0.61 0.96 0.34 1.80 1.67 0.45 0.55 1.84 1.90 1.32 2.41 1.04 3.26 1.16 0.83 72

CLDN10 Hs00199599_m1 0.89 0.98 3.32 0.00 2.47 0.15 0.00 0.43 1.42 0.15 0.02 0.26 0.31 0.02 0.04 0.02 1.98 0.01 1.06 0.70 0.99 141

CLDN11 Hs00194440_m1 2.06 0.74 1.51 1.95 1.25 3.16 1.91 1.51 0.96 1.26 0.97 0.59 1.81 3.86 1.61 1.39 2.61 1.06 1.94 1.67 0.84 50

CLDN12 Hs00273258_s1 1.30 0.95 1.42 0.63 0.96 1.54 1.25 1.27 1.24 1.09 0.75 1.26 1.38 1.16 1.30 0.57 3.19 1.21 3.63 1.38 0.79 57

CLDN14 Hs00377953_m1 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
CLDN15 Hs00204982_m1 1.13 0.49 1.08 1.27 1.05 0.95 0.78 0.86 0.28 1.14 0.72 0.76 0.89 0.78 0.61 0.71 0.96 1.18 0.77 0.85 0.25 29
CLDN16 Hs00198134_m1 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. >8.0 b.d. b.d. >9.6 b.d. b.d. b.d. b.d. >18.2 b.d. >18.3

CLDN17 Hs00273276_s1 2.10 0.09 0.03 0.06 0.28 0.35 0.33 0.28 0.95 1.07 0.99 0.06 0.24 1.05 3.08 0.64 10.17 0.87 9.62 1.68 3.07 183

CLDN18 Hs00212584_m1 1.87 2.79 3.21 0.53 4.27 1.09 0.98 1.05 36.82 5.27 0.29 5.12 1.20 0.50 0.75 0.78 16.22 0.45 22.61 5.77 9.78 169

CLDN19 Hs00381204_m1 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
CLDN20 Hs00378662_m1 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
CRB1 Hs00201372_m1 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. >9.41 b.d. b.d.
CRB2 Hs00543624_m1 >89.7 b.d. b.d. b.d. b.d. b.d. b.d. >27.4 >61.7 >9.9 b.d. >219 b.d. >684 b.d. b.d. b.d. >447 b.d.
CRB3 Hs00373616_m1 1.00 0.58 1.32 1.02 0.63 1.38 0.81 0.52 0.40 0.94 0.73 1.14 0.88 0.49 0.33 0.50 1.06 0.81 0.79 0.80 0.30 38
F11R JAM-1 Hs00375889_m1 1.07 0.61 0.98 1.12 0.92 1.37 0.80 0.82 0.69 1.03 0.72 0.97 0.96 0.96 0.98 1.05 1.34 1.08 0.88 0.96 0.20 21

LOC150084 JAM-4 Hs00401212_m1 1.34 0.39 0.79 1.70 0.77 1.12 0.56 0.49 0.01 0.54 0.07 0.58 0.05 1.26 1.77 0.11 0.94 1.12 0.68 0.72 0.53 73

OCLN Hs00170162_m1 1.31 0.74 1.49 0.98 1.10 1.30 0.94 1.03 1.32 1.24 0.77 0.77 0.71 0.84 0.92 0.65 1.72 1.38 0.85 1.04 0.30 29

Adaptors
CASK Hs00177620_m1 1.31 0.74 1.49 0.98 1.10 1.30 0.94 1.03 1.32 1.24 0.77 0.77 0.71 0.84 0.92 0.65 1.72 1.38 0.85 1.04 0.30 29
CGN  Hs00430426_m1 0.95 0.55 0.78 0.82 0.67 0.94 0.51 0.59 0.33 0.74 0.74 0.74 0.70 0.80 1.08 0.63 0.81 1.40 0.89 0.76 0.23 31
CXADR CAR Hs00154661_m1 1.37 0.54 1.15 0.90 0.93 1.40 0.87 1.12 0.83 1.95 0.72 0.81 0.98 0.72 0.77 0.87 1.82 1.26 0.55 1.01 0.39 39
INADL PATJ Hs00195106_m1 1.32 0.77 1.25 1.12 1.32 1.45 1.23 1.19 1.36 1.44 0.94 1.03 1.05 1.38 1.29 1.11 1.70 1.46 1.16 1.24 0.22 18
LLGL1 Hs00188098_m1 1.02 0.72 0.99 1.92 1.02 1.25 0.92 1.12 0.71 0.79 0.60 1.10 1.35 1.77 1.02 0.92 1.12 1.12 0.88 1.07 0.34 32
LLGL2 Hs00189729_m1 1.03 0.82 1.16 1.26 1.19 1.07 0.95 0.76 0.57 0.95 1.24 0.90 0.91 1.38 1.93 1.30 0.98 1.43 1.37 1.12 0.31 28
MAGI1 AIP3 Hs00191026_m1 1.06 0.44 0.84 0.93 0.73 0.74 0.54 0.69 0.47 0.88 0.76 0.57 0.53 0.94 0.90 1.09 0.84 1.05 0.59 0.75 0.20 26

MAGI2 AIP1 Hs00202321_m1 1.02 0.00 0.57 0.58 1.39 0.84 0.65 0.67 0.46 0.88 0.32 0.79 1.26 1.47 1.91 2.12 1.57 0.62 1.23 0.96 0.57 59

MAGI3 Hs00326365_m1 1.11 0.55 1.50 1.34 0.73 1.31 0.97 1.03 0.82 1.18 0.56 0.86 0.91 0.71 0.55 0.60 1.29 0.91 0.74 0.92 0.30 32
MPDZ MUPP1 Hs00187106_m1 1.12 0.43 0.87 1.11 0.67 1.36 0.83 1.48 0.68 1.11 0.49 0.68 1.25 1.48 1.00 0.71 1.71 0.99 0.58 0.97 0.37 39
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Table 2. Expression of TJ pathway genes in the duodenal mucosa of CD-affected atrophic stage       MIII, and remission stage M0, relative to non-CD controls

Symbol Alias Assay ID RQ 
CD 
M0

RQ CD MIII patients Avrg SD CV

    1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18    

Transmembrane proteins

CLDN1 Hs00221623_m1 1.63 2.00 1.85 1.76 1.21 5.69 3.36 0.50 5.42 1.15 0.66 1.70 1.70 2.75 1.07 1.00 4.49 1.05 5.88 2.40 1.79 75

CLDN2 Hs00252666_s1 0.96 1.47 2.89 1.07 2.23 2.16 1.73 1.08 2.10 0.98 0.98 1.84 2.49 1.05 1.58 0.78 3.54 1.29 5.57 1.93 1.17 61

CLDN3 Hs00265816_s1 1.33 0.85 1.16 0.97 1.44 1.12 0.87 0.90 1.28 1.98 2.54 0.91 0.82 1.36 1.82 1.85 1.27 1.79 0.97 1.33 0.49 37
CLDN4 Hs00533616_s1 0.92 1.36 1.05 0.88 0.94 1.25 0.86 0.70 0.32 0.79 0.69 0.72 0.83 0.55 0.85 0.70 1.03 1.22 1.83 0.92 0.34 37

CLDN5 Hs00533949_s1 1.01 0.43 0.56 4.54 0.62 0.74 0.53 1.96 0.25 0.97 0.49 0.49 0.83 1.51 1.38 0.86 1.05 1.05 0.82 1.06 0.97 91

CLDN6 Hs00607528_s1 1.26 0.35 0.07 0.64 0.59 0.89 0.43 0.58 0.59 1.65 1.14 0.35 0.46 1.87 3.08 1.34 3.37 1.50 6.88 1.43 1.64 114

CLDN7 Hs00600772_m1 1.02 0.92 1.63 1.77 1.15 1.48 0.97 0.88 0.53 0.86 0.68 1.21 1.14 0.94 0.99 0.47 1.25 1.09 1.35 1.07 0.35 32

CLDN8 Hs00273282_s1 1.71 0.09 0.03 0.08 0.31 0.26 0.24 0.24 1.07 0.74 0.94 0.05 0.15 0.97 2.50 0.61 7.29 0.81 7.19 1.31 2.24 171

CLDN9 Hs00253134_s1 1.22 0.24 0.37 0.84 0.53 0.74 0.61 0.96 0.34 1.80 1.67 0.45 0.55 1.84 1.90 1.32 2.41 1.04 3.26 1.16 0.83 72

CLDN10 Hs00199599_m1 0.89 0.98 3.32 0.00 2.47 0.15 0.00 0.43 1.42 0.15 0.02 0.26 0.31 0.02 0.04 0.02 1.98 0.01 1.06 0.70 0.99 141

CLDN11 Hs00194440_m1 2.06 0.74 1.51 1.95 1.25 3.16 1.91 1.51 0.96 1.26 0.97 0.59 1.81 3.86 1.61 1.39 2.61 1.06 1.94 1.67 0.84 50

CLDN12 Hs00273258_s1 1.30 0.95 1.42 0.63 0.96 1.54 1.25 1.27 1.24 1.09 0.75 1.26 1.38 1.16 1.30 0.57 3.19 1.21 3.63 1.38 0.79 57

CLDN14 Hs00377953_m1 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
CLDN15 Hs00204982_m1 1.13 0.49 1.08 1.27 1.05 0.95 0.78 0.86 0.28 1.14 0.72 0.76 0.89 0.78 0.61 0.71 0.96 1.18 0.77 0.85 0.25 29
CLDN16 Hs00198134_m1 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. >8.0 b.d. b.d. >9.6 b.d. b.d. b.d. b.d. >18.2 b.d. >18.3

CLDN17 Hs00273276_s1 2.10 0.09 0.03 0.06 0.28 0.35 0.33 0.28 0.95 1.07 0.99 0.06 0.24 1.05 3.08 0.64 10.17 0.87 9.62 1.68 3.07 183

CLDN18 Hs00212584_m1 1.87 2.79 3.21 0.53 4.27 1.09 0.98 1.05 36.82 5.27 0.29 5.12 1.20 0.50 0.75 0.78 16.22 0.45 22.61 5.77 9.78 169

CLDN19 Hs00381204_m1 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
CLDN20 Hs00378662_m1 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
CRB1 Hs00201372_m1 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. >9.41 b.d. b.d.
CRB2 Hs00543624_m1 >89.7 b.d. b.d. b.d. b.d. b.d. b.d. >27.4 >61.7 >9.9 b.d. >219 b.d. >684 b.d. b.d. b.d. >447 b.d.
CRB3 Hs00373616_m1 1.00 0.58 1.32 1.02 0.63 1.38 0.81 0.52 0.40 0.94 0.73 1.14 0.88 0.49 0.33 0.50 1.06 0.81 0.79 0.80 0.30 38
F11R JAM-1 Hs00375889_m1 1.07 0.61 0.98 1.12 0.92 1.37 0.80 0.82 0.69 1.03 0.72 0.97 0.96 0.96 0.98 1.05 1.34 1.08 0.88 0.96 0.20 21

LOC150084 JAM-4 Hs00401212_m1 1.34 0.39 0.79 1.70 0.77 1.12 0.56 0.49 0.01 0.54 0.07 0.58 0.05 1.26 1.77 0.11 0.94 1.12 0.68 0.72 0.53 73

OCLN Hs00170162_m1 1.31 0.74 1.49 0.98 1.10 1.30 0.94 1.03 1.32 1.24 0.77 0.77 0.71 0.84 0.92 0.65 1.72 1.38 0.85 1.04 0.30 29

Adaptors
CASK Hs00177620_m1 1.31 0.74 1.49 0.98 1.10 1.30 0.94 1.03 1.32 1.24 0.77 0.77 0.71 0.84 0.92 0.65 1.72 1.38 0.85 1.04 0.30 29
CGN  Hs00430426_m1 0.95 0.55 0.78 0.82 0.67 0.94 0.51 0.59 0.33 0.74 0.74 0.74 0.70 0.80 1.08 0.63 0.81 1.40 0.89 0.76 0.23 31
CXADR CAR Hs00154661_m1 1.37 0.54 1.15 0.90 0.93 1.40 0.87 1.12 0.83 1.95 0.72 0.81 0.98 0.72 0.77 0.87 1.82 1.26 0.55 1.01 0.39 39
INADL PATJ Hs00195106_m1 1.32 0.77 1.25 1.12 1.32 1.45 1.23 1.19 1.36 1.44 0.94 1.03 1.05 1.38 1.29 1.11 1.70 1.46 1.16 1.24 0.22 18
LLGL1 Hs00188098_m1 1.02 0.72 0.99 1.92 1.02 1.25 0.92 1.12 0.71 0.79 0.60 1.10 1.35 1.77 1.02 0.92 1.12 1.12 0.88 1.07 0.34 32
LLGL2 Hs00189729_m1 1.03 0.82 1.16 1.26 1.19 1.07 0.95 0.76 0.57 0.95 1.24 0.90 0.91 1.38 1.93 1.30 0.98 1.43 1.37 1.12 0.31 28
MAGI1 AIP3 Hs00191026_m1 1.06 0.44 0.84 0.93 0.73 0.74 0.54 0.69 0.47 0.88 0.76 0.57 0.53 0.94 0.90 1.09 0.84 1.05 0.59 0.75 0.20 26

MAGI2 AIP1 Hs00202321_m1 1.02 0.00 0.57 0.58 1.39 0.84 0.65 0.67 0.46 0.88 0.32 0.79 1.26 1.47 1.91 2.12 1.57 0.62 1.23 0.96 0.57 59

MAGI3 Hs00326365_m1 1.11 0.55 1.50 1.34 0.73 1.31 0.97 1.03 0.82 1.18 0.56 0.86 0.91 0.71 0.55 0.60 1.29 0.91 0.74 0.92 0.30 32
MPDZ MUPP1 Hs00187106_m1 1.12 0.43 0.87 1.11 0.67 1.36 0.83 1.48 0.68 1.11 0.49 0.68 1.25 1.48 1.00 0.71 1.71 0.99 0.58 0.97 0.37 39
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Symbol Alias Assay ID RQ 
CD 
M0

RQ CD MIII patients Avrg SD CV

    1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18    

MPP5 PALS1 Hs00223885_m1 1.30 0.50 0.93 0.85 1.06 0.81 0.72 0.83 0.81 1.73 1.12 0.64 0.62 1.10 1.12 1.54 1.17 1.38 0.68 0.98 0.33 34
PARD3 PAR3 Hs00219744_m1 0.97 0.71 0.97 1.01 1.09 1.15 0.97 1.14 0.81 1.16 0.90 0.82 1.00 1.16 1.09 1.27 1.40 1.39 1.10 1.06 0.19 18
ALS2CR19 PAR3B Hs00365140_m1 1.33 0.57 1.09 1.79 0.99 1.21 1.01 1.22 0.96 1.21 0.84 1.22 1.12 1.18 1.07 0.55 2.13 1.42 0.79 1.13 0.38 34
PARD6A PAR6 Hs00180947_m1 0.97 1.05 1.04 1.85 0.51 1.55 1.36 0.80 0.95 1.24 0.50 1.23 1.30 1.06 1.20 1.00 1.30 0.90 1.50 1.13 0.34 30
PARD6B PAR6B Hs00325996_m1 1.19 0.47 0.64 0.76 0.75 0.78 0.75 0.75 1.36 1.90 0.90 0.72 0.50 0.75 0.99 1.77 1.19 1.26 0.68 0.94 0.41 43
PARD6G PAR-6G Hs00261284_m1 1.94 0.86 1.24 3.01 1.37 0.77 1.24 3.19 1.03 3.12 2.50 1.14 1.15 2.01 1.37 0.67 3.31 4.67 1.11 1.88 1.14 61
TJP1 ZO-1 Hs00268480_m1 1.10 0.46 0.97 0.66 1.03 0.95 0.68 0.79 1.00 1.11 0.97 0.64 0.75 0.91 1.06 1.17 1.24 1.17 0.73 0.91 0.22 24
TJP2 ZO-2 Hs00178081_m1 0.63 0.51 0.50 2.53 0.82 0.83 1.03 1.60 1.17 1.67 1.14 1.75 2.09 3.14 2.61 1.62 1.92 1.26 1.12 1.52 0.74 48
TJP3 ZO-3 Hs00274276_m1 0.91 0.51 1.13 1.39 1.00 0.80 0.65 0.59 0.47 0.64 0.63 0.88 0.64 0.83 0.96 1.07 0.77 0.91 0.97 0.83 0.24 29
TJAP1 PILT Hs00369777_m1 1.19 0.69 1.10 1.28 0.94 1.65 1.24 1.17 0.84 1.56 0.50 1.34 1.15 1.96 0.92 1.09 1.27 1.53 1.39 1.20 0.35 29
VAPA VAP33 Hs00427749_m1 1.09 0.59 0.98 0.83 0.91 1.15 0.93 0.82 0.80 1.12 0.87 0.77 0.83 0.81 0.89 1.01 1.28 0.83 0.93 0.91 0.16 18

Signalling proteins
AMOTL1 JEAP Hs00294070_m1 1.02 0.36 0.69 0.80 1.16 1.01 0.66 0.91 1.06 0.90 0.59 0.66 0.89 1.51 1.09 1.26 0.99 1.26 0.81 0.92 0.28 30
ARHGEF2 GEF-H1 Hs00190884_m1 1.03 0.66 0.69 0.83 1.14 1.24 1.12 1.04 0.75 1.17 1.13 0.78 1.40 1.78 2.02 1.82 1.35 0.83 1.13 1.16 0.40 34
CDC42 Hs00741586_mH 1.63 1.70 0.87 0.85 2.26 1.29 1.65 1.02 1.62 3.35 2.37 1.74 1.44 1.92 1.95 1.64 1.09 1.00 1.03 1.60 0.63 40
CSNK2A1 Hs00601957_m1 1.09 1.11 1.08 1.26 1.66 1.40 0.97 1.13 1.17 1.15 0.83 1.48 1.05 1.68 1.01 0.58 1.73 1.22 1.83 1.24 0.33 27
MLLT4 AF6 Hs00180592_m1 1.13 0.61 1.03 0.98 0.95 1.18 0.72 0.85 1.12 1.51 0.83 0.79 0.94 1.11 1.05 0.69 1.25 1.10 0.78 0.97 0.22 23
PPM1J  Hs00374513_m1 1.32 1.56 2.19 4.79 1.71 0.98 1.93 2.13 1.63 1.73 2.29 1.93 1.79 3.40 3.47 1.40 1.17 2.20 2.14 2.14 0.92 43
PPP2CA  Hs00427259_m1 1.39 1.11 1.63 1.39 1.47 2.02 1.62 1.28 1.43 1.73 1.00 1.42 1.49 1.42 1.21 0.76 2.48 1.15 1.85 1.47 0.40 27
PPP2CB Hs00602137_m1 1.13 0.92 1.49 1.46 1.05 2.15 1.43 0.98 1.01 2.10 0.86 1.39 1.33 1.16 1.03 0.83 2.08 0.84 1.32 1.30 0.43 33
PPP2R1A Hs00204426_m1 0.93 0.79 1.45 2.09 1.16 1.30 1.01 0.92 0.44 0.79 0.68 1.20 1.14 0.98 0.94 0.47 1.12 0.82 1.99 1.07 0.44 41
PPP2R1B  Hs00184737_m1 1.17 0.96 1.60 1.67 1.11 1.79 1.60 1.10 1.12 1.54 1.02 1.80 1.60 1.54 1.16 1.11 2.53 1.27 1.64 1.45 0.39 27
PPP2R2A  Hs00160392_m1 1.24 0.89 1.40 1.41 1.40 1.81 1.70 1.49 1.57 2.00 1.10 1.43 1.49 1.70 1.70 1.29 2.33 1.32 1.48 1.53 0.32 21
PPP2R2B Hs00270227_m1 1.14 0.77 0.72 0.89 1.07 0.84 1.84 1.16 1.63 3.31 1.48 1.08 1.39 3.07 1.71 1.83 1.83 1.07 0.88 1.48 0.73 50

PPP2R2C  Hs00739033_m1 0.57 0.62 0.88 0.03 0.59 0.28 0.21 1.49 0.79 0.50 0.28 0.16 0.58 0.92 0.01 0.28 0.87 0.26 0.60 0.52 0.38 73

PPP2R3A  Hs00160407_m1 0.98 0.32 0.77 0.62 0.73 0.62 0.33 0.59 0.46 0.71 0.45 0.41 0.58 0.50 0.64 0.30 1.16 0.59 0.33 0.56 0.21 37
PPP2R3B Hs00203045_m1 0.94 0.65 1.24 1.62 1.02 0.94 1.16 0.68 1.01 1.00 0.82 1.20 0.83 1.25 1.11 1.32 1.06 1.24 0.81 1.05 0.25 23
PPP2R4  Hs00603515_m1 1.09 0.92 1.66 1.99 1.46 1.40 1.49 1.29 0.99 1.48 0.96 1.60 1.39 1.86 1.17 0.91 1.65 1.29 2.22 1.43 0.37 26
PRKCA Hs00176973_m1 1.26 0.80 1.39 1.56 1.20 1.47 1.11 1.17 0.92 1.47 0.59 1.37 1.18 1.01 1.10 0.85 1.64 0.98 1.05 1.16 0.28 24
PRKCB1  Hs00176998_m1 1.39 1.02 1.05 1.41 1.59 1.19 1.62 2.19 2.16 2.61 1.43 2.09 2.00 3.53 2.04 2.33 2.24 2.55 1.42 1.92 0.64 33
PRKCD Hs00178914_m1 1.18 0.51 0.99 1.05 1.06 0.94 0.73 0.80 0.52 1.22 0.96 0.81 1.04 1.10 1.12 0.92 1.26 1.20 1.30 0.97 0.23 24
PRKCE Hs00178455_m1 1.04 0.80 1.35 1.27 1.08 1.57 1.23 1.30 0.97 1.09 0.95 1.09 0.99 1.54 0.97 1.07 1.30 1.65 1.09 1.18 0.23 20
PRKCG Hs00177010_m1 1.27 1.00 4.22 2.08 1.18 0.93 1.62 0.76 0.71 1.36 0.62 0.93 2.72 1.50 1.23 1.78 2.97 2.10 1.41 1.62 0.93 57
PRKCH  Hs00178933_m1 1.14 0.72 1.15 1.69 1.22 1.16 1.92 1.62 1.10 2.45 1.21 1.91 1.48 2.29 2.26 1.23 1.91 1.51 1.64 1.58 0.47 30

PRKCI Hs00702254_s1 1.81 0.16 0.15 0.46 0.55 0.81 0.37 0.79 0.54 1.99 1.30 0.19 0.44 1.35 3.31 1.00 8.00 1.43 13.61 2.03 3.43 169

PRKCQ Hs00234697_m1 1.04 0.69 0.51 1.70 1.08 0.87 1.50 1.67 1.65 2.87 1.26 1.25 1.17 2.00 1.93 1.24 1.86 1.64 1.11 1.44 0.55 38
PRKCZ Hs00177051_m1 1.21 0.55 0.86 1.10 1.11 0.90 0.84 0.76 0.52 1.34 0.81 0.80 0.65 1.27 1.36 1.26 0.96 1.25 0.88 0.96 0.27 28

PTEN Hs00829813_s1 1.43 0.19 0.15 0.67 0.31 0.59 0.35 0.80 0.45 2.17 1.59 0.26 0.39 1.02 1.90 0.87 4.54 1.08 6.35 1.32 1.64 125
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Symbol Alias Assay ID RQ 
CD 
M0

RQ CD MIII patients Avrg SD CV

    1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18    

MPP5 PALS1 Hs00223885_m1 1.30 0.50 0.93 0.85 1.06 0.81 0.72 0.83 0.81 1.73 1.12 0.64 0.62 1.10 1.12 1.54 1.17 1.38 0.68 0.98 0.33 34
PARD3 PAR3 Hs00219744_m1 0.97 0.71 0.97 1.01 1.09 1.15 0.97 1.14 0.81 1.16 0.90 0.82 1.00 1.16 1.09 1.27 1.40 1.39 1.10 1.06 0.19 18
ALS2CR19 PAR3B Hs00365140_m1 1.33 0.57 1.09 1.79 0.99 1.21 1.01 1.22 0.96 1.21 0.84 1.22 1.12 1.18 1.07 0.55 2.13 1.42 0.79 1.13 0.38 34
PARD6A PAR6 Hs00180947_m1 0.97 1.05 1.04 1.85 0.51 1.55 1.36 0.80 0.95 1.24 0.50 1.23 1.30 1.06 1.20 1.00 1.30 0.90 1.50 1.13 0.34 30
PARD6B PAR6B Hs00325996_m1 1.19 0.47 0.64 0.76 0.75 0.78 0.75 0.75 1.36 1.90 0.90 0.72 0.50 0.75 0.99 1.77 1.19 1.26 0.68 0.94 0.41 43
PARD6G PAR-6G Hs00261284_m1 1.94 0.86 1.24 3.01 1.37 0.77 1.24 3.19 1.03 3.12 2.50 1.14 1.15 2.01 1.37 0.67 3.31 4.67 1.11 1.88 1.14 61
TJP1 ZO-1 Hs00268480_m1 1.10 0.46 0.97 0.66 1.03 0.95 0.68 0.79 1.00 1.11 0.97 0.64 0.75 0.91 1.06 1.17 1.24 1.17 0.73 0.91 0.22 24
TJP2 ZO-2 Hs00178081_m1 0.63 0.51 0.50 2.53 0.82 0.83 1.03 1.60 1.17 1.67 1.14 1.75 2.09 3.14 2.61 1.62 1.92 1.26 1.12 1.52 0.74 48
TJP3 ZO-3 Hs00274276_m1 0.91 0.51 1.13 1.39 1.00 0.80 0.65 0.59 0.47 0.64 0.63 0.88 0.64 0.83 0.96 1.07 0.77 0.91 0.97 0.83 0.24 29
TJAP1 PILT Hs00369777_m1 1.19 0.69 1.10 1.28 0.94 1.65 1.24 1.17 0.84 1.56 0.50 1.34 1.15 1.96 0.92 1.09 1.27 1.53 1.39 1.20 0.35 29
VAPA VAP33 Hs00427749_m1 1.09 0.59 0.98 0.83 0.91 1.15 0.93 0.82 0.80 1.12 0.87 0.77 0.83 0.81 0.89 1.01 1.28 0.83 0.93 0.91 0.16 18

Signalling proteins
AMOTL1 JEAP Hs00294070_m1 1.02 0.36 0.69 0.80 1.16 1.01 0.66 0.91 1.06 0.90 0.59 0.66 0.89 1.51 1.09 1.26 0.99 1.26 0.81 0.92 0.28 30
ARHGEF2 GEF-H1 Hs00190884_m1 1.03 0.66 0.69 0.83 1.14 1.24 1.12 1.04 0.75 1.17 1.13 0.78 1.40 1.78 2.02 1.82 1.35 0.83 1.13 1.16 0.40 34
CDC42 Hs00741586_mH 1.63 1.70 0.87 0.85 2.26 1.29 1.65 1.02 1.62 3.35 2.37 1.74 1.44 1.92 1.95 1.64 1.09 1.00 1.03 1.60 0.63 40
CSNK2A1 Hs00601957_m1 1.09 1.11 1.08 1.26 1.66 1.40 0.97 1.13 1.17 1.15 0.83 1.48 1.05 1.68 1.01 0.58 1.73 1.22 1.83 1.24 0.33 27
MLLT4 AF6 Hs00180592_m1 1.13 0.61 1.03 0.98 0.95 1.18 0.72 0.85 1.12 1.51 0.83 0.79 0.94 1.11 1.05 0.69 1.25 1.10 0.78 0.97 0.22 23
PPM1J  Hs00374513_m1 1.32 1.56 2.19 4.79 1.71 0.98 1.93 2.13 1.63 1.73 2.29 1.93 1.79 3.40 3.47 1.40 1.17 2.20 2.14 2.14 0.92 43
PPP2CA  Hs00427259_m1 1.39 1.11 1.63 1.39 1.47 2.02 1.62 1.28 1.43 1.73 1.00 1.42 1.49 1.42 1.21 0.76 2.48 1.15 1.85 1.47 0.40 27
PPP2CB Hs00602137_m1 1.13 0.92 1.49 1.46 1.05 2.15 1.43 0.98 1.01 2.10 0.86 1.39 1.33 1.16 1.03 0.83 2.08 0.84 1.32 1.30 0.43 33
PPP2R1A Hs00204426_m1 0.93 0.79 1.45 2.09 1.16 1.30 1.01 0.92 0.44 0.79 0.68 1.20 1.14 0.98 0.94 0.47 1.12 0.82 1.99 1.07 0.44 41
PPP2R1B  Hs00184737_m1 1.17 0.96 1.60 1.67 1.11 1.79 1.60 1.10 1.12 1.54 1.02 1.80 1.60 1.54 1.16 1.11 2.53 1.27 1.64 1.45 0.39 27
PPP2R2A  Hs00160392_m1 1.24 0.89 1.40 1.41 1.40 1.81 1.70 1.49 1.57 2.00 1.10 1.43 1.49 1.70 1.70 1.29 2.33 1.32 1.48 1.53 0.32 21
PPP2R2B Hs00270227_m1 1.14 0.77 0.72 0.89 1.07 0.84 1.84 1.16 1.63 3.31 1.48 1.08 1.39 3.07 1.71 1.83 1.83 1.07 0.88 1.48 0.73 50

PPP2R2C  Hs00739033_m1 0.57 0.62 0.88 0.03 0.59 0.28 0.21 1.49 0.79 0.50 0.28 0.16 0.58 0.92 0.01 0.28 0.87 0.26 0.60 0.52 0.38 73

PPP2R3A  Hs00160407_m1 0.98 0.32 0.77 0.62 0.73 0.62 0.33 0.59 0.46 0.71 0.45 0.41 0.58 0.50 0.64 0.30 1.16 0.59 0.33 0.56 0.21 37
PPP2R3B Hs00203045_m1 0.94 0.65 1.24 1.62 1.02 0.94 1.16 0.68 1.01 1.00 0.82 1.20 0.83 1.25 1.11 1.32 1.06 1.24 0.81 1.05 0.25 23
PPP2R4  Hs00603515_m1 1.09 0.92 1.66 1.99 1.46 1.40 1.49 1.29 0.99 1.48 0.96 1.60 1.39 1.86 1.17 0.91 1.65 1.29 2.22 1.43 0.37 26
PRKCA Hs00176973_m1 1.26 0.80 1.39 1.56 1.20 1.47 1.11 1.17 0.92 1.47 0.59 1.37 1.18 1.01 1.10 0.85 1.64 0.98 1.05 1.16 0.28 24
PRKCB1  Hs00176998_m1 1.39 1.02 1.05 1.41 1.59 1.19 1.62 2.19 2.16 2.61 1.43 2.09 2.00 3.53 2.04 2.33 2.24 2.55 1.42 1.92 0.64 33
PRKCD Hs00178914_m1 1.18 0.51 0.99 1.05 1.06 0.94 0.73 0.80 0.52 1.22 0.96 0.81 1.04 1.10 1.12 0.92 1.26 1.20 1.30 0.97 0.23 24
PRKCE Hs00178455_m1 1.04 0.80 1.35 1.27 1.08 1.57 1.23 1.30 0.97 1.09 0.95 1.09 0.99 1.54 0.97 1.07 1.30 1.65 1.09 1.18 0.23 20
PRKCG Hs00177010_m1 1.27 1.00 4.22 2.08 1.18 0.93 1.62 0.76 0.71 1.36 0.62 0.93 2.72 1.50 1.23 1.78 2.97 2.10 1.41 1.62 0.93 57
PRKCH  Hs00178933_m1 1.14 0.72 1.15 1.69 1.22 1.16 1.92 1.62 1.10 2.45 1.21 1.91 1.48 2.29 2.26 1.23 1.91 1.51 1.64 1.58 0.47 30

PRKCI Hs00702254_s1 1.81 0.16 0.15 0.46 0.55 0.81 0.37 0.79 0.54 1.99 1.30 0.19 0.44 1.35 3.31 1.00 8.00 1.43 13.61 2.03 3.43 169

PRKCQ Hs00234697_m1 1.04 0.69 0.51 1.70 1.08 0.87 1.50 1.67 1.65 2.87 1.26 1.25 1.17 2.00 1.93 1.24 1.86 1.64 1.11 1.44 0.55 38
PRKCZ Hs00177051_m1 1.21 0.55 0.86 1.10 1.11 0.90 0.84 0.76 0.52 1.34 0.81 0.80 0.65 1.27 1.36 1.26 0.96 1.25 0.88 0.96 0.27 28

PTEN Hs00829813_s1 1.43 0.19 0.15 0.67 0.31 0.59 0.35 0.80 0.45 2.17 1.59 0.26 0.39 1.02 1.90 0.87 4.54 1.08 6.35 1.32 1.64 125
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Symbol Alias Assay ID RQ 
CD 
M0

RQ CD MIII patients Avrg SD CV

    1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18    
RAB3B Hs00267896_m1 1.28 0.99 0.90 0.71 0.75 2.48 2.34 1.24 1.45 0.83 0.86 0.78 1.35 1.38 1.05 0.85 3.09 0.63 1.65 1.29 0.69 54

RAB13 Hs00762784_s1 1.47 0.54 0.93 1.39 1.04 1.17 0.78 1.23 0.54 1.16 0.67 0.79 0.89 1.10 1.15 0.52 2.91 1.05 3.87 1.21 0.85 70

RAC1  Hs00251654_m1 1.41 1.50 2.22 1.83 1.95 3.19 1.76 1.78 1.37 1.77 1.62 1.51 2.63 2.13 1.75 0.75 3.52 1.00 1.40 1.87 0.69 37
RHOA  Hs00357608_m1 1.25 0.90 1.26 1.04 1.41 1.50 1.36 1.03 1.47 1.89 1.33 1.12 1.27 1.50 1.64 1.27 1.97 1.27 1.66 1.38 0.28 21
ROCK1 Hs00178463_m1 1.21 0.82 1.04 0.89 1.17 1.27 1.37 1.25 1.91 2.12 1.08 1.33 1.26 1.54 1.31 1.04 2.07 1.30 1.11 1.33 0.37 28
ROCK2 Hs00178154_m1 1.01 0.67 1.32 1.13 1.05 1.66 1.11 1.02 1.00 1.12 0.87 0.95 1.18 1.16 0.94 0.97 1.68 1.00 1.27 1.12 0.25 22
SEC6L1 Hs00292654_m1 1.03 0.60 1.06 1.55 0.91 0.94 0.96 0.83 0.70 0.92 0.85 0.77 0.83 1.20 1.28 1.32 0.99 1.05 0.74 0.97 0.24 25
SEC8L1  Hs00253986_m1 1.24 0.93 1.35 1.42 1.47 1.25 1.21 1.14 1.33 1.58 1.39 1.16 1.42 2.16 2.26 1.82 1.37 1.82 1.00 1.45 0.36 25
ZAK MLK7 Hs00370447_m1 0.94 0.85 1.75 1.47 1.11 1.29 0.79 1.31 1.32 0.82 0.33 1.11 0.94 1.03 0.58 0.42 1.90 0.72 1.59 1.07 0.44 41

Actin-binding
ACTN1  Hs00241650_m1 1.32 0.93 1.18 1.33 1.38 1.66 1.34 1.60 1.36 1.38 0.97 1.36 1.82 2.30 1.64 1.27 2.02 1.31 1.57 1.47 0.34 23
ACTN4 Hs00245168_m1 1.17 0.72 1.46 1.55 1.30 1.63 1.24 0.96 0.94 1.41 0.78 1.25 1.18 1.20 1.22 1.06 1.61 1.20 1.22 1.22 0.26 21
CTTN  Hs00193322_m1 1.60 1.44 1.99 1.86 1.51 1.63 1.54 1.49 1.30 1.94 1.30 1.39 1.50 1.38 2.02 1.28 2.49 1.28 1.88 1.62 0.34 21
EPB41  Hs00270045_m1 1.35 0.85 1.25 1.03 1.45 1.46 1.42 1.27 1.56 2.20 1.28 1.26 1.31 1.75 1.47 1.18 1.80 1.24 1.42 1.40 0.30 22
MLCK Hs00417542_m1 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. >12.8
MYLK Hs00364926_m1 1.39 0.31 0.49 0.97 0.89 1.79 0.91 1.40 0.93 1.60 0.45 0.76 1.32 1.73 1.04 0.62 2.08 0.90 0.79 1.05 0.50 47
SPTAN1 alpha fodrin Hs00162203_m1 1.34 1.01 1.19 1.02 1.20 1.46 1.42 0.93 0.95 1.19 1.14 1.28 1.17 1.52 1.34 0.94 1.64 1.10 1.42 1.22 0.21 17

Transcriptional regulators
ASH1L huASH1 Hs00218516_m1 1.21 0.73 1.12 1.25 1.28 1.20 1.19 1.28 1.13 1.69 1.21 1.08 1.29 1.77 1.49 1.23 1.69 1.70 1.10 1.30 0.27 21
CDK4  Hs00364847_m1 1.12 1.12 1.45 2.02 1.40 1.15 1.35 1.14 0.96 0.97 1.17 1.29 1.34 1.73 1.81 1.46 1.67 0.88 1.72 1.37 0.32 24
SYMPK  Hs00191361_m1 1.17 0.73 1.33 1.74 1.21 1.25 1.39 1.41 0.97 1.02 0.90 1.40 1.49 1.68 1.43 1.23 1.20 1.30 1.40 1.28 0.26 20

Growth factor

EGF  Hs00153181_m1 >31.5 >29.9 >31.7 >167 >56.4 >29.5 >76.1 b.d. >29.0 >34.0 >51.8 >116 b.d. >85.8 b.d. b.d. >49.1 >33.6 >70.5 >59.5 39.3 66

EGFR Hs00193306_m1 1.24 0.81 1.25 1.08 1.33 1.36 0.99 1.02 0.99 1.07 0.66 1.00 0.99 1.31 1.48 1.13 1.23 1.20 1.14 1.11 0.20 18

Abbreviations: RQ, relative quantification; Avrg, average; SD, standard deviation; CV, coefficient of variation 
(SD/Avrg x 100); b.d., below detection. Upward (Avrg – SD > 1) and downward (Avrg + SD < 1) trends are 
shaded. Boxed numbers indicate outlier-values in the range.

but have different genomic locations. The co-regulated claudins also showed, as 
may be expected, similar expression levels in the normal duodenum (figure 2A).

Compared to the claudins, the expression variability for the other TJ genes 
was rather limited (see CV-values in table 2). The changes in gene expression, if 
present, were also rather subtle and could not be marked as statistically significant 
and we would rather refer to them as upward or downward trends. The design of 
our study (comparison of pooled controls with individual patients) also precluded 
application of an appropriate statistical test since we have no information on the 
level of variation within the control group. In table 2 we marked all genes with 
upward (average – SD > 1) and downward (average + SD < 1) trends in expression.  
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Symbol Alias Assay ID RQ 
CD 
M0

RQ CD MIII patients Avrg SD CV

    1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18    
RAB3B Hs00267896_m1 1.28 0.99 0.90 0.71 0.75 2.48 2.34 1.24 1.45 0.83 0.86 0.78 1.35 1.38 1.05 0.85 3.09 0.63 1.65 1.29 0.69 54

RAB13 Hs00762784_s1 1.47 0.54 0.93 1.39 1.04 1.17 0.78 1.23 0.54 1.16 0.67 0.79 0.89 1.10 1.15 0.52 2.91 1.05 3.87 1.21 0.85 70

RAC1  Hs00251654_m1 1.41 1.50 2.22 1.83 1.95 3.19 1.76 1.78 1.37 1.77 1.62 1.51 2.63 2.13 1.75 0.75 3.52 1.00 1.40 1.87 0.69 37
RHOA  Hs00357608_m1 1.25 0.90 1.26 1.04 1.41 1.50 1.36 1.03 1.47 1.89 1.33 1.12 1.27 1.50 1.64 1.27 1.97 1.27 1.66 1.38 0.28 21
ROCK1 Hs00178463_m1 1.21 0.82 1.04 0.89 1.17 1.27 1.37 1.25 1.91 2.12 1.08 1.33 1.26 1.54 1.31 1.04 2.07 1.30 1.11 1.33 0.37 28
ROCK2 Hs00178154_m1 1.01 0.67 1.32 1.13 1.05 1.66 1.11 1.02 1.00 1.12 0.87 0.95 1.18 1.16 0.94 0.97 1.68 1.00 1.27 1.12 0.25 22
SEC6L1 Hs00292654_m1 1.03 0.60 1.06 1.55 0.91 0.94 0.96 0.83 0.70 0.92 0.85 0.77 0.83 1.20 1.28 1.32 0.99 1.05 0.74 0.97 0.24 25
SEC8L1  Hs00253986_m1 1.24 0.93 1.35 1.42 1.47 1.25 1.21 1.14 1.33 1.58 1.39 1.16 1.42 2.16 2.26 1.82 1.37 1.82 1.00 1.45 0.36 25
ZAK MLK7 Hs00370447_m1 0.94 0.85 1.75 1.47 1.11 1.29 0.79 1.31 1.32 0.82 0.33 1.11 0.94 1.03 0.58 0.42 1.90 0.72 1.59 1.07 0.44 41

Actin-binding
ACTN1  Hs00241650_m1 1.32 0.93 1.18 1.33 1.38 1.66 1.34 1.60 1.36 1.38 0.97 1.36 1.82 2.30 1.64 1.27 2.02 1.31 1.57 1.47 0.34 23
ACTN4 Hs00245168_m1 1.17 0.72 1.46 1.55 1.30 1.63 1.24 0.96 0.94 1.41 0.78 1.25 1.18 1.20 1.22 1.06 1.61 1.20 1.22 1.22 0.26 21
CTTN  Hs00193322_m1 1.60 1.44 1.99 1.86 1.51 1.63 1.54 1.49 1.30 1.94 1.30 1.39 1.50 1.38 2.02 1.28 2.49 1.28 1.88 1.62 0.34 21
EPB41  Hs00270045_m1 1.35 0.85 1.25 1.03 1.45 1.46 1.42 1.27 1.56 2.20 1.28 1.26 1.31 1.75 1.47 1.18 1.80 1.24 1.42 1.40 0.30 22
MLCK Hs00417542_m1 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. >12.8
MYLK Hs00364926_m1 1.39 0.31 0.49 0.97 0.89 1.79 0.91 1.40 0.93 1.60 0.45 0.76 1.32 1.73 1.04 0.62 2.08 0.90 0.79 1.05 0.50 47
SPTAN1 alpha fodrin Hs00162203_m1 1.34 1.01 1.19 1.02 1.20 1.46 1.42 0.93 0.95 1.19 1.14 1.28 1.17 1.52 1.34 0.94 1.64 1.10 1.42 1.22 0.21 17

Transcriptional regulators
ASH1L huASH1 Hs00218516_m1 1.21 0.73 1.12 1.25 1.28 1.20 1.19 1.28 1.13 1.69 1.21 1.08 1.29 1.77 1.49 1.23 1.69 1.70 1.10 1.30 0.27 21
CDK4  Hs00364847_m1 1.12 1.12 1.45 2.02 1.40 1.15 1.35 1.14 0.96 0.97 1.17 1.29 1.34 1.73 1.81 1.46 1.67 0.88 1.72 1.37 0.32 24
SYMPK  Hs00191361_m1 1.17 0.73 1.33 1.74 1.21 1.25 1.39 1.41 0.97 1.02 0.90 1.40 1.49 1.68 1.43 1.23 1.20 1.30 1.40 1.28 0.26 20

Growth factor

EGF  Hs00153181_m1 >31.5 >29.9 >31.7 >167 >56.4 >29.5 >76.1 b.d. >29.0 >34.0 >51.8 >116 b.d. >85.8 b.d. b.d. >49.1 >33.6 >70.5 >59.5 39.3 66

EGFR Hs00193306_m1 1.24 0.81 1.25 1.08 1.33 1.36 0.99 1.02 0.99 1.07 0.66 1.00 0.99 1.31 1.48 1.13 1.23 1.20 1.14 1.11 0.20 18

Abbreviations: RQ, relative quantification; Avrg, average; SD, standard deviation; CV, coefficient of variation 
(SD/Avrg x 100); b.d., below detection. Upward (Avrg – SD > 1) and downward (Avrg + SD < 1) trends are 
shaded. Boxed numbers indicate outlier-values in the range.

but have different genomic locations. The co-regulated claudins also showed, as 
may be expected, similar expression levels in the normal duodenum (figure 2A).

Compared to the claudins, the expression variability for the other TJ genes 
was rather limited (see CV-values in table 2). The changes in gene expression, if 
present, were also rather subtle and could not be marked as statistically significant 
and we would rather refer to them as upward or downward trends. The design of 
our study (comparison of pooled controls with individual patients) also precluded 
application of an appropriate statistical test since we have no information on the 
level of variation within the control group. In table 2 we marked all genes with 
upward (average – SD > 1) and downward (average + SD < 1) trends in expression.  

Of the adaptors only CGN and MAG1 showed an upward, and INADL (PATJ) a 
downward trend. A quarter of the TJ genes involved in signal transduction showed 
trends of differential expression (ten upwards, two downwards), including six 
members from the phosphatase PPP2 family, two protein kinase C genes, and the 
two small GTPases RAC1 and RHOA. Furthermore, four out of the six expressed 
genes coding for actin-binding proteins showed an upward trend, similar to the 
three transcriptional activators. The growth factor EGF, which was not detectable in 
the normal duodenum, was strongly induced (average > 60-fold) in 14 out of the 18 
MIII cases and also highly increased (average > 30-fold) in M0 remission patients. 
The receptor EGFR, however, remained unchanged.
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DISCUSSION
With this study we present the first comprehensive analysis of the transcriptional 
activity of genes comprising the TJ network. We examined this pathway in the 
duodenal mucosa of controls and CD patients. The pathology of CD is characterized 
by enhanced permeability suggesting an altered TJ function3. The transmembrane 
proteins occludin, JAM, and the claudin family are the major structural components 
of the TJ that facilitate barrier function and selective paracellular transport9. 
Members of the claudin familie (currently 24) form a complex labyrinth of 
intercellular strands that acts as a dynamic molecular sieve15, 16. Changes in the 
composition of claudins in the TJ are accompanied by an altered transepithelial 
flux17. The claudin expression profile that we observed in the duodenum is 
dominated by CLDN15, -3, and –7, and to lesser extent by CLDN12, -4, -2, and 
–17.  Remarkably, this claudin transcriptional profile is evolutionary conserved in 
rodents18-20, indicating that this tight regulatory control emerged over 75 millions 
years ago. The small intestinal claudin profile is also distinct from that in other 
sections of the gastrointestinal tract, as evident from studies in mice20 and man17,

A 
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Figure 3. Co-regulation of claudin genes in the duodenal mucosa of atrophic CD MIII 
patients. (A) Pair-wise comparison of claudin expression values derived from 18 CD MIII 
cases. Standard correlations are indicated and color marked (orange, r2 > 0.7; yellow, 0.4 
> r2 > 0.7; green, 0.1 > r2 > 0.4; blanc, r2 < 0.1). Heavy-lined squares indicate pairs of 
claudins that are juxtaposed in the genome. The five highly correlating claudin pairs could be 
grouped in two expression profiles consisting of one (B), and two (C) matching claudin pairs.
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and reflects the different permeability requirements along the digestive system. We 
also observed strong co-regulation between three pairs of claudins of which two 
pairs (CLDN6 and –9; CLDN8 and -17) are juxtaposed in the genome and are likely 
controlled by shared local sequence elements. The third pair (CLDN2 and -12) was 
located on different chromosomes and their co-expression is possibly imposed 
by functional constraints. Co-regulation of these pairs of claudins suggests that 
together they may have similar effects on the permeability. Compared to the other 
TJ genes the claudins were marked by extreme fluctuations in expression between 
individual CD MIII cases, and 15 out of the 18 patients had at least one outlier-
value. Particularly, CLDN8, -10, -17, and –18 contributed to this variability. This 
could result in distorted claudin profiles with consequences for the permeability, 
although we cannot completely rule out the contribution of differences in the 
genetic backgound independent of the pathology. 

From the adaptors only CGN, INADL (PATJ), and MAGI11 showed suggestive 
differential expression. The ZO-1 protein, coded for by TJP1, is commonly used as 
a marker for a distorted TJ function3, 11. However, TJP1 showed no transcriptional 
change in patients underscoring its regulation by post-translational processes 
and protein trafficking9. Most of the upward expression trends in MIII patients 
were in the groups of genes involved in signal transduction, actin-binding, and 
transcriptional regulation. The observed changes in the transcriptional activity 
of protein kinases (PKC) and phosphatases (PPP2) may have a joint effect on TJ 
function, cell polarity, and the cytoskeleton8. Changes in F-actin are associated with 
TJ impairment21. Both, the actin-binding genes (particularly ACTN4) and the major 
regulator of the actinomyosin cytoskeleton, RHOA, showed high expression with 
an upward trend in CD patients. Recently, we reported genetic association between 
CD and MYO9B, an atypical myosin that carries a RhoGAP domain22. Both, the 
pathology and the genetics may augment RhoA protein expression, resulting in 
altered permeability and enhanced influx of gluten peptides, and thus further 
exacerbate the immune response. Finally, the dramatic increase in EFG expression, 
known for its epithelium and permeability preserving effect23, 24, may be the 
intestine’s natural response to cope with the potentially dangerous barrier defect.

The TJ transcriptome of the normal and CD-affected duodenum that we 
presented here lays a comprehensive foundation for further expression research in 
CD and other intestinal disorders, whether by using gene expression or proteomics, 
to further unravel the intricate fabric of permeability, polarity, and differentiation.
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ABSTRACT
Coeliac disease, or gluten-sensitive enteropathy (GSE), and inflammatory bowel 
disease (IBD) are common gastrointestinal disorders. Both diseases display 
enhanced intestinal permeability, thought to emanate from gluten exposure 
(GSE) or bacterial overgrowth (IBD). Previous studies showed association of both 
conditions to variants in the MYO9B gene, suggesting to be involved in enhanced 
epithelial permeability. We hypothesized that gene variants in tight junction genes 
might further influence epithelial barrier function, thus contributing to the cause 
of both GSE and IBD. This hypothesis was tested by analysis of 41 tight junction 
genes with 201 tag SNPs. Two genes, UMCU29 and UMCU23, showed association 
with GSE in a Dutch cohort. Replication in a British GSE cohort and joint analysis 
further substantiated the data for both UMCU29 (P = 6x10-5; OR 1.24, 95% CI 1.12-
1.38) and UMCU23 (P = 0.0006; OR 1.2, 95% CI 1.08-1.33). Association was also 
observed in Dutch patients between UMCU29 and ulcerative colitis (P = 0.0043; 
OR 1.3, 95% CI 1.07-1.59), and UMCU23 and IBD (P = 0.0047; OR 1.22, 95% CI 
1.05-1.41). This suggests that GSE and IBD share a common etiology through tight 
junction-mediated gut permeability.

RESULTS AND DISCUSSION
Gluten-sensitive enteropathy (GSE) and inflammatory bowel disease (IBD) are 
two common gastrointestinal inflammatory disorders both characterized by anboth characterized by ancharacterized by an 
enhanced intestinal epithelial permeability1, 2. A proportion of first-degree relatives 
of IBD patients also display impaired barrier function, suggesting that this is 
heritable rather than acquired3. In further support of this, it has been shown in IBD 
in human4 and mouse5, and GSE in human6 and dog7, that an impaired intestinal 
permeability is present long before the onset of disease. Moreover, treatment of GSE 
patients on a gluten-free diet reverses the disease process but does not completely 
restore the increased intestinal permeability8. Both GSE and IBD have a stronghave a strong 
genetic component and there are currently tens of susceptibility loci in the humanand there are currently tens of susceptibility loci in the humanhere are currently tens of susceptibility loci in the human 
genome linked to either IBD9 or GSE10. Notably, these studies show sharing of 
certain chromosomal regions that may predispose to both disorders, e.g. a locus on 
5q31-q33 and a locus on 19p1311. GSE and IBD co-occur in families and patients,GSE and IBD co-occur in families and patients, 
with an approximately five-fold increased prevalence of IBD in GSE patients12-15. 
Together, this suggests that IBD and GSE share part of their genetic susceptibility 
at the molecular level. Recently, the GSE-associated gene. Recently, the GSE-associated geneecently, the GSE-associated gene MYO9B16, which localizes 
to the IBD6 locus on 19p13, was shown to be strongly associated with ulcerative 
colitis and to a lesser extend to Crohn’s disease (together comprising the IBD 
phenotype) in four different European populations, i.e. Dutch, British, Italian, and 
French-Canadian17. It was hypothesized that myosin IXB – which contains a Rho- It was hypothesized that myosin IXB – which contains a Rho-
GTPase activating domain (GAP) – is involved in intestinal permeability through 
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remodelling of the cytoskeleton and tight junction assembly, through its interaction 
with RhoA16, 18. This might suggest that the barrier defect observed in GSE and This might suggest that the barrier defect observed in GSE and 
IBD is mediated through epithelial tight junctions. Functional abnormalities ofunctional abnormalities of 
tight junctions have been observed in non-inflamed ileum of Crohn’s disease as 
well, suggesting an implication in the pathogenesis of IBD19. Similarly, alteredltered 
expression, localization, and phosphorylation of epithelial junctional proteins have 
been observed in GSE20.

Based on the above, genes encoding tight junction proteins should be 
considered highly relevant functional candidate genes for GSE and IBD. In 
the present study we focus on 41 genes from the tight junction pathway, 
including those encoding for transmembrane, adaptor, signal transduction, and 
transcriptional-regulatory proteins21, 22; (KEGG: http://www.genome.jp/kegg/
pathway.html). In a first screen 201 tag SNPs in these genes were successfully 
genotyped in a cohort of 463 Dutch GSE cases and 470 Dutch controls (see 
Supplementary Table 1 online). We observed evidence in favor of association 
(P

uncorrected
 < 0.01) for five SNPs in two genes (UMCU23 and UMCU29) (Table 

1). UMCU23 and UMCU29 are both tight junction adaptor proteins that act as 
membrane-associated scaffolds. Given that these 41 tight junction genes were 
selected based on prior knowledge, it is not clear what level of proof one would 
require accepting association. If one would correct for testing 41 functional 
candidate genes, SNP rsUMCU117 in UMCU23 would remain significant (Pc < 
0.05/41 = 0.0012). A follow-up study of the five SNPs with P < 0.01 was performed 
by typing 459 extra Dutch controls, and a second, fully independent, cohort of 658 
unrelated British GSE patients and 1185 British controls. For all five SNPs allele 
frequencies between the three different control cohorts (two Dutch, one British) 
did not differ significantly. Association analysis of the 463 Dutch GSE cases versus 
929 Dutch controls improved the P values for two of the SNPs, one in each gene 
(Table 1). The three SNPs in UMCU23 are not in linkage disequilibrium with each 
other (D’<0.06, r2<0.003) and only weak correlation is observed between the two 
SNPs in UMCU29 (D’=0.85, r2=0.40). Although the change in allele frequencies 
in the British GSE cases was similar but less pronounced compared to the Dutch 
GSE cases, only SNP rsUMCU172 in UMCU29 showed positive association (P 
= 0.044). Combining the Dutch and British cohorts (1121 cases versus 2114 
controls) strengthened the association considerably and revealed highly significant 
association for three of the five SNPs (Table 1). We observed the smallest P value for 
rsUMCU172 (P = 6 x 10-5) located in intron 21 of UMCU29. Individuals carrying 
the A allele have a modest but significantly higher risk of developing GSE (OR 1.24; 
95% CI 1.12 – 1.38). The most significant SNP in UMCU23 was rsUMCU117 (P 
= 0.0006) located in intron 14; this SNP was associated with a 1.2-fold increased 
risk for GSE (OR 1.2; 95% CI 1.08 – 1.33). As both these associated SNPs are in 
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the introns and are not expected to have any functional effect, these SNPs can be 
considered markers of disease susceptibility.

Table 1. Association analysis of UMCU29 and UMCU23 SNPs in gluten-sensitive 
enteropathy

GSE cases Controls P by cohort*
Allele counts Allele counts

Major Minor MAF Major Minor MAF
UMCU29 rsUMCU172
Dutch 417 439 51.3 510 402 44.1 0.0024
Dutch extra controls 417 439 51.3 1014 782 43.5 0.0001
UK 627 653 51.0 1221 1105 47.5 0.022
Pooled Dutch + UK 1044 1092 51.1 2235 1887 45.8 0.00003
UMCU29 rsUMCU173
Dutch 538 316 37.0 636 276 30.3 0.0027
Dutch extra controls 538 316 37.0 1233 561 31.3 0.0017
UK 787 489 38.3 1496 814 35.2 0.033
Pooled Dutch + UK 1325 805 37.8 2729 1375 33.5 0.0004
UMCU23 rsUMCU117
Dutch 397 459 53.6 494 418 45.8 0.0011
Dutch extra controls 397 459 53.6 960 840 46.7 0.0004
UK 647 635 49.5 1235 1077 46.6 0.045
Pooled Dutch + UK 1044 1094 51.2 2195 1917 46.6 0.0003
UMCU23 rsUMCU129
Dutch 484 372 43.5 574 338 37.1 0.0061
Dutch extra controls 484 372 43.5 1115 685 38.1 0.0038
UK 805 489 37.8 1421 883 38.3 0.38
Pooled Dutch + UK 1289 861 40.0 2536 1568 38.2 0.08
UMCU23 rsUMCU140
Dutch 464 392 45.8 550 362 39.7 0.0095
Dutch extra controls 464 392 45.8 1063 739 41.0 0.0099
UK 542 362 40.0 779 539 40.9 0.34
Pooled Dutch + UK 1006 754 42.8 1842 1278 41.0 0.10

*The initial analysis of 483 Dutch GSE cases and 470 Dutch controls are two-tailed P values calculated using 
Haploview. On the basis of these findings we determined a priori the A variant of rsUMCU172, the A variant 
of rsUMCU173, the G variant of rsUMCU117, the A variant of rsUMCU129, and the A variant of rsUMCU140 
as the reference alleles for further analysis. This allowed us to perform one-sided hypothesis testing for the fol-
low-up cohorts (i.e. Dutch extra controls, UK and pooled data).

Next we were interested to learn if these two tight junction adaptor proteins 
were also associated to IBD and its sub-phenotypes Crohn’s disease and ulcerative 
colitis. In total 298 Dutch Crohn’s disease and 290 Dutch ulcerative colitis cases 
were genotyped with the same five tag SNPs in UMCU23 and UMCU29. The entire 
IBD population of 588 cases showed significant association with rsUMCU117 
in UMCU23 (P = 0.0094; OR 1.22, 95% CI 1.05-1.41); both Crohn’s disease and 
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ulcerative colitis contributed to this association (Table 2). Ulcerative colitis also 
showed significant association to rsUMCU173 in UMCU29 (P = 0.0085; OR 1.3, 
95% CI 1.07-1.59) whereas this SNP did not show association in the entire IBD 
cohort (P = 0.085) and in Crohn’s disease (P = 0.92). 

Table 2. Association analysis of UMCU29 and UMCU23 SNPs in inflammatory 
bowel disease

IBD cases Controls P by cohort*
Allele counts Allele counts

Major Minor MAF Major Minor MAF
UMCU29 rsUMCU172
IBD 642 496 43.6 1014 782 43.5 0.49
Crohn’s disease 322 256 44.3 1014 782 43.5 0.38
Ulcerative colitis 320 240 42.9 1014 782 43.5 0.39
UMCU29 rsUMCU173
IBD 750 392 34.3 1233 561 31.3 0.042
Crohn’s disease 396 182 31.5 1233 561 31.3 0.46
Ulcerative colitis 354 210 37.2 1233 561 31.3 0.0043
UMCU23 rsUMCU117
IBD 550 586 51.6 960 840 46.7 0.0047
Crohn’s disease 277 297 51.7 960 840 46.7 0.017
Ulcerative colitis 273 289 51.4 960 840 46.7 0.024
UMCU23 rsUMCU129
IBD 705 431 37.9 1115 685 38.1 0.48
Crohn’s disease 355 219 38.2 1115 685 38.1 0.48
Ulcerative colitis 350 212 37.7 1115 685 38.1 0.44
UMCU23 rsUMCU140
IBD 670 452 40.3 1063 739 41.0 0.35
Crohn’s disease 339 231 40.5 1063 739 41.0 0.42
Ulcerative colitis 331 221 40.0 1063 739 41.0 0.34

*The initial analysis in GSE was based on two-sided analysis using Haploview. On the basis of these find-
ings we determined a priori the A variant of rsUMCU172, the A variant of rsUMCU173, the G variant of 
rsUMCU117, the A variant of rsUMCU129, and the A variant of rsUMCU140 as the reference alleles for further 
analysis. This allowed us to perform one-sided hypothesis testing for the follow-up cohorts.

Weakening of the barrier function of tight junctions can result from natural 
manipulation by pathogens23, 24, as well as by food substances such as gluten25, 26. 
This study shows for the first time that also variants in tight junction adaptor 
proteins might be the cause of various gastrointestinal disorders such as GSE and 
IBD. The two associated genes encode for the UMCU29 and UMCU23 adaptor 
proteins involved in tight junction assembly. Several of the membrane-associated 
proteins of the tight junction complex interact with the actin cytoskeleton, and 
signalling to the actin cytoskeleton is important in regulating both tight junction 
assembly and function, with a crucial role for RhoA-GTPase activity27, 28. Myosin 
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IXB might also have a role in this process, as it possesses a Rho-GAP domain that 
can negatively regulate Rho proteins. Since primary barrier defects are expected to 
be subtle, perpetuation of the cycle of barrier malfunction is presumably sustained 
by the subsequent local inflammation as it is well established that proinflammatory 
cytokines - such as IFN-γ and TNF-α - further trigger barrier dysfunction and 
bacterial translocation.

Both GSE and ulcerative colitis are characterized by inflammation restricted 
to the intestinal mucosa. In this respect it is interesting to note that both MYO9B 
and UMCU29 were predominantly associated with ulcerative colitis. A healthy 
gut mucosa is characterized by a robust and selective barrier, maintained by 
properly differentiated and polarized epithelial cells. Weakening of the barrier 
due to external factors like gluten or intestinal bacteria does not only result in 
an inflammation, but also leads to a loss of differentiation and polarization, 
which results in clinical syndromes characterized by nutrient malabsorption and 
diarrhea. The outcome of the interaction between potentially harmful external 
factors and the mucosal barrier may be influenced by genetic variants in the genes 
that code for the tight junction complex.  

In conclusion, the association of MYO9B, UMCU29 and UMCU23 in both GSE 
and IBD suggests a common defect in tight junction mediated epithelial barrier 
function. The recent identification of DLG5 as a susceptibility gene for IBD is in line 
with our observations since DLG5 is also involved in epithelial cell-cell contacts 
and polarity29. 

METHODS
Patients and controls
The cohorts are summarized in Supplementary table 2. DNA, isolated from whole 
blood, was available from a cohort of 463 Dutch coeliac disease patients16 and 658 
British coeliac disease patients30. The 588 Dutch IBD cases are described in detail 
elsewhere31. There were two cohorts of random Dutch blood bank donors available: 
Set 1 controls (n = 470, described by Monsuur et al., 2005)16 and set 2 controls (n 
= 459). The 1185 British controls were drawn from the 1958 British Birth Cohort. 
All Dutch cases and controls were from the Netherlands, of European descent, 
and with at least 3 of the 4 grandparents also born in the Netherlands. This 
study was approved by the Medical Ethical Committee of the University Medical 
Center Utrecht, the VU University Medical Center Amsterdam Ethics Committee, 
and SouthEast Multicentre Research Ethics Committee, Oxford Research Ethics 
Committee, Guy’s Hospital Research Ethics Committee, Harrow Research Ethics 
Committee.
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Comprehensive screen: tag SNP selection and genotyping
We selected 44 tight junction genes based on a tight junction network in the 
literature18, 21, 22 (KEGG: www.genome.jp/kegg/ ). Three genes were excluded for 
further study: for UMCU42 and UMCU43 no tag SNPs could be selected, and 
UMCU44 was localized on the X-chromosome. SNPs were selected by downloading 
all the SNPs typed in the CEPH (Utah residents with ancestry from northern and 
western Europe) population located in the genomic sequence of the remaining 41 
genes from the HapMap database32 (November 2004, Phase I, http://www.hapmap.
org/). From these SNPs, the program Tagger (available at http://www.broad.mit.
edu/mpg/tagger/) was used to select tag SNPs so that all SNPs with a minor allele 
frequency (MAF) ≥ 10% was captured with r2 ≥ 0.7 (excluding SNPs with low 
Illumina quality design scores). For some genes the amount of tag SNPs was too 
large and there we tagged all exons with exon-intron boundaries and used a MAF 
≥ 20% (see Supplementary Table 3). A final set of 215 tag SNPs was obtained 
for genotype analysis in 463 Dutch coeliac cases and set 1 controls (n=470). See 
Supplementary Table 4 online for the detailed list of SNPs.

SNP genotyping was performed using the GoldenGate assay on an Illumina 
BeadStation 500 GX (Illumina Inc., San Diego, USA). All tag SNPs were examined 
for their resulting quality and 13 who had a low signal or too wide clusters were 
excluded. In addition, one tag SNP was not in Hardy-Weinberg equilibrium (HWE) 
in the controls, yielding a total of 201 SNPs that were successfully analyzed (93%).

The five SNPs that revealed P < 0.01 in the comprehensive screen were 
genotyped as Assays on Demand (Aplied Biosystems) in the set 2 Dutch controls 
(n=459), the British coeliac cases (n=658) and controls (n=1185) and the Dutch 
IBD cases (n=588). (Remark: In case of SNP rsUMCU140, temporarily only 470 British 
coeliac cases and 657 controls could be tested because of practical reasons). No allele 
frequency differences were observed between the Dutch control cohorts (See 
Supplementary Table 5).

Statistical analysis
Association chi-squares and two-tailed P values were calculated using the 
Haploview program (freely available at http://www.hapmap.org), for each stage of 
the study. SNPs that were not in HWE (P ≤ 0.001) in the controls were excluded 
for further analysis. We used multiple logistic regression analysis to estimate allelic 
and genotypic odds ratios (OR) and the corresponding 95% confidence intervals for 
the five SNP tested in the follow-up studies. All the analyses were performed using 
STATA statistical software, version 8.0 for MS Windows.
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Supplementary table 2. Demographics of the cohorts

Cohort Number Age (range) % female
Dutch GSE casesa 463 44 (3-93) 69.1

Dutch controls (Set 1)a 470 48 (19-70) 41.7

Dutch controls (Set 2) 459 49 (20-74) 35.7

English GSE cases 658 54 (15-91) 71.9

English controls 1185 48 50

Dutch IBD casesb 588 46 (17-89) 57.7

Dutch Crohn’s disease cases 298 44 (17-85) 70.5

Dutch ulcerative colitis cases 290 48 (19-89) 44.6

a Used in the comprehensive screen.
b Is the combination of the Crohn’s disease and the ulcerative colitis group
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Supplementary table 3. Tag SNP selection per gene

Gene name Standard 
tagging

Alternative 
tagging

Gene name Standard 
tagging

Alternative 
tagging

UMCU1 x UMCU22 x

UMCU2 x UMCU23 x

UMCU3 x UMCU24 x

UMCU4 x UMCU25 x

UMCU5 x UMCU26 x

UMCU6 x UMCU27 x

UMCU7 x UMCU28 x

UMCU8 x UMCU29 x

UMCU9 x UMCU30 x

UMCU10 x UMCU31 x

UMCU11 x UMCU32 x

UMCU12 x UMCU33 x

UMCU13 x UMCU34 x

UMCU14 x UMCU35 x

UMCU15 x UMCU36 x

UMCU16 x UMCU37 x

UMCU17 x UMCU38 x

UMCU18 x UMCU39 x

UMCU19 x UMCU40 x

UMCU20 x UMCU41 x

UMCU21 x

Supplementary table 5. Chi-square comparison of the Set 1 controls versus the 
Set 2 controls. No stratification is observed

Set 1 controls Set 2 controls Set 1 controls % Set 2 controls %

Rs number
Min 
allele

Maj 
allele

Min 
allele

Maj 
allele

Min 
allele

Maj 
allele

Min 
allele

Maj 
allele

Chi-
square P-value

rsUMCU172 402 510 380 540 44.1 55.9 43.0 57.0 0.218 0.6406

rsUMCU173 276 636 285 597 30.3 69.7 32.3 67.7 0.877 0.3492

rsUMCU117 418 494 422 466 45.8 54.2 47.5 52.5 0.516 0.4726

rsUMCU129 338 574 347 541 37.1 62.9 39.1 60.9 0.775 0.3787

rsUMCU140 362 550 377 513 39.7 60.3 42.4 57.6 1.324 0.2499
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Abstract

Celiac disease (CD) is a complex genetic disorder characterized by gluten intolerance. The Th1 immune response, with a key

position for interferon gamma (IFN-g), is an important determinant of intestinal remodeling in CD. We aimed at further
ascertaining the role of IFN-g, either as a genetic factor in the etiology, or as a facilitator of disease initiation/progression. Duodenal
biopsies were sampled across distinct histopathological stages of the disease, including refractory CD (RCD), and used to determine
IFN-g gene (IFNG) expression by real-time RT-PCR. INFG expression correlated with the extent of tissue restructuring, reaching

a 240-fold higher expression in total villous atrophy compared to healthy tissue. CD and RCD patients with similar lesions had
comparable expression levels. Interestingly, patients in complete remission still had 7.6-fold residual over-expression. An INFG
marker was tested in three cohorts of Dutch patients for both genetic linkage and association. Linkage analysis yielded no significant

scores for IFNG or its flanking markers. In addition, IFNG allele frequencies were not differently distributed between cases and
controls. Likewise, all alleles were randomly transmitted to affected children in parents-case trios. There is no evidence for IFNG as
a predisposing gene in CD, despite its enhanced expression in patients in complete remission.

� 2004 Elsevier Ltd. All rights reserved.

Keywords: Celiac disease; Gene expression; Genetics; Interferon gamma; Intestinal mucosa

1. Introduction

In celiac disease (CD; OMIM 212750), the ingestion
of gluten provokes a combined Th1 and Th2 adaptive
immune response [1]. The Th1 reaction is generally
considered responsible for the long-term tissue remodel-
ing observed in the small intestine [2]. The Th2 response

is transient and results in the circulation of serum
antibodies that are particularly useful in CD diagnosis
and in monitoring compliance to a gluten-free diet
[3,4]. The Th1 response is initiated by the binding of
gluten peptides to the HLA-DQ2 and -DQ8 molecules
on the surface of antigen presenting cells and sub-
sequent recognition by CD4+ cells in the lamina pro-
pria [5]. Details on how these gluten peptides cross the
epithelial boundary, however, remain obscure. Epitope
binding to the DQ2 and DQ8 molecules is further
enhanced by deamidation of gliadin by the enzyme
tissue-transglutaminase, yielding an increased immune
response [6,7].1 Both authors contributed equally.
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The cytokine interferon gamma (IFN-g) plays
a pivotal role in the subsequent T cell activation and
concomitant tissue restructuring. In patients, the level of
IFN-g gene (IFNG) expression as well as the number of
IFN-g producing cells are increased, as observed for
both the intestinal mucosa [8e11], and peripheral blood
lymphocytes [10,12]. The in vitro gluten challenge of
biopsies from CD patients in complete remission on
a gluten-free diet (GFD) yielded IFNG mRNA levels
comparable to that of untreated patients [9]. Organ
cultures of duodenal biopsies from normal controls
produced damaged enterocytes when exposed to purified
INF-g or culture supernatants from gluten-activated T
cell clones. This toxic effect of the supernatants could be
blocked by pre-incubation with anti-INF-g antibodies
[13]. In active CD there is a marked shift of the INFG
expression from the lamina propria towards the
epithelium, which may further impair the integrity of
the epithelial boundary [11,14]. Moreover, villous
epithelial damage in mice can be induced in vivo by
injection of INF-g [15]. Taking into account the crucial
position of INF-g in the Th1 pathway, it is plausible
that certain polymorphisms of the INFG gene may lead
to altered expression levels, and thus confer susceptibil-
ity for developing CD. Indeed, it was reported that an
elevated level of in vitro IFN-g production was
associated with a specific allelic variant of the IFNG
gene [16]. Celiac disease is a complex genetic disorder in
which the major contributing genesdHLA-DQ [17] and
a recently identified locus on 19p13 in the Dutch
population [18]dattribute an estimated 60% of the
total genetic risk. This implies that there must be other
predisposing genes, although each of them will have
only a limited effect. Considering its involvement in
celiac disease, IFNG might be among those candidate
genes that have not been identified yet.
In this report we followed IFNG expression in

duodenal biopsies during successive stages of tissue
remodeling in CD. To the best of our knowledge, this is
the first study that correlates the level of IFNG
expression with the extent of mucosal damage. We also
tested our hypothesis that IFNG is a candidate gene by
performing linkage and association studies in Dutch
celiac disease patients.

2. Material and methods

2.1. Patient material for expression analysis

Patients visited the Rijnstate Hospital, Arnhem,
which is a recognized center of expertise on celiac
disease. They came either for a first-time examination
(n=7), or for a follow-up to monitor their response to
a gluten-free diet (n=21). Over a period of two years,
29 duodenal biopsies were sampled from 28 patients

using forceps-spike endoscopy (Table 1). All biopsies
were examined by the same pathologist (JWRM) and
classified according to Marsh [2], using the UEGW
criteria [19]. In parallel to the biopsies that were taken
for histological analysis, two additional biopsies were
sampled during the same session and snap-frozen in
liquid nitrogen for expression analysis. The pathology
report that was based on multiple biopsy samples was
also considered representative for the biopsies used for
the expression assays. Most patients were adults and
they had an average age of 47 years. Five females
(average age 48 years) with normal histology (M0), who
had no history of CD, were used as controls. Seven
patients were referred as new cases and had not started
treatment. The 21 patients, who had been previously
diagnosed with CD and initially presented with a MIII
lesion, were all on a gluten-free diet (GFD). All patients
who were on a GFD were negative for EmA antibodies,
while patients not yet treated were EmA positive. The
follow-up biopsies of the CD patients showed various
levels of improvement from MIeMII up to complete
remission (M0). A group of ten patients failed to recover
despite strict adherence to a GFD. After exclusion of all
factors that may cause a celiac-like phenotype, these
patients were diagnosed as having refractory celiac
disease (RCD) [20]. This latter group was subdivided
into those with normal T cells (type I) and those with
aberrant T cells (type II) [19,20]. All patients who
volunteered for this study signed an informed consent.
The study was approved by the Medical Ethics
Committee (METC) of the University Medical Center
Utrecht.

2.2. RNA isolation

Total RNA was isolated from two pooled snap-
frozen biopsies (10e15 mg) in 500 ml TRIzol using the
manufacturer’s instructions (Gibco/Life Technologies,
Rockville, MD). The biopsies were homogenized in the
presence of TRIzol with 1 mm diameter glass beads by
using a Mini-BeadBeater (BioSpec Products, Inc,
Bartlesville, OK). We assessed the integrity and quantity
of the RNA samples with Lab-on-a-Chip technology on
an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo
Alto, CA). Biopsies yielded on average 3.6 mg of total
RNA/mg of tissue.

2.3. Real-time reverse transcription PCR

Relative quantification of the IFNG gene transcrip-
tion in biopsies was determined by real-time RT-PCR.
All reagents and analytical equipment used for this
assay were purchased from Applied Biosystems (Foster
City, CA) and used according to their recommenda-
tions. cDNA was synthesized from 1 mg total RNA in
a 50 ml volume using the High Capacity Archive Kit on
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a GeneAmp PCR System 9700. IFNG transcripts were
detected with Assay-on-Demand Hs00174143m1, which
consists of a fluorescent Taqman probe specific for exon
2 and two flanking, exoneintron boundary-spanning
primers (sequences are proprietary information held by
the supplier). PCR cycling was performed on a 7900HT
Sequence Detection System using 30 ng of reverse
transcribed total RNA in 25 ml Universal PCR Master
Mix. All samples were tested in triplicate. Transcripts of
the housekeeping gene GUSB (detected by PDAR
4326320E) were used as an endogenous reference to
correct for unwanted variability in total cDNA input
between samples. Real-time amplification plots from the
IFNG and GUSB transcripts were then used to extract
Ct-values using SDS2.0 software. The 2�DDCt method
[21] was applied for the conversion to relative expression
levels by using the average DCt-value from the five
normal controls as a calibrator.

2.4. Patients in this genetic study

Dutch Caucasian CD patients were collected
throughout the Netherlands. The linkage study was
performed on 84 affected sibpairs derived from 67
families. Details on the families in this cohort have been
described elsewhere [18]. Genetic studies of the IFNG
gene were performed on three cohorts. The first cohort
consisted of 207 independent CD cases and 210
independent controls. The cases and controls both had
a mean age of 39 years and a male-to-female ratio of
35:65. The second cohort comprised 122 parents-case
trios and the patients in this cohort had a mean age of 17
years and also a gender ratio of 35:65. The third cohort
was the same affected sibpair cohort as used in the
linkage analysis. To ensure that all patients met the
same strict clinical criteria, the histology on their
biopsies was re-examined by the same pathologist

Table 1

Details of patient and biopsy samples used in the expression study

ID Diagnosis Marsh classa Gender Age GFD HLAb

102 Normal M0 F 30 � DQ2/DQ8

104 Normal M0 F 45 � X/X

200 Normal M0 F 34 � DQ2/X

208 Normal M0 F 70 � NA

239 Normal M0 F 59 � NA

105 CD M0 F 64 + DQ2/DQ2

178 CD M0 M 24 + DQ2/DQ2

190 CD M0 F 28 + DQ2/DQ8

216 CD M0 F 42 + DQ2/X

218 CD M0 F 72 + NA

88 CD MI M 50 + DQ2/DQ8

101 CD MI F 41 + DQ2/X

197 CD MIeMII F 64 + DQ2/X

205 CD MIeMII F 76 + DQ2/X

54 CD MII F 43 + DQ2/X

109 CD MII F 34 + DQ2/DQ8

184c CD MII F 19 � DQ2/DQ2

194d CD MII M 52 + DQ2/X

85d CD MIIIa M 51 + DQ2/X

221 CDe MIIIa M 37 � DQ2/X

100 CDe MIIIb F 15 � DQ2/X

180 CDe MIIIb M 2 � DQ2/X

259 CDe MIIIc F 54 � DQ2/X

284 CDe MIIIc F 1 � DQ2/X

215 RCD type I MIIeMIIIa F 67 + DQ2/DQ8

98 RCD type I MIIIa F 49 + DQ2/X

214 RCD type I MIIIa F 83 + DQ2/X

230 RCD type I MIIIa F 60 + DQ2/X

228 RCD type I MIIIbec F 27 + DQ2/DQ8

86 RCD type II MIIIa F 66 + DQ2/DQ2

162 RCD type II MIIIa F 50 + DQ2/X

177 RCD type II MIIIa F 71 + DQ2/X

288 RCD type IIe MIIIa M 62 � DQ2/X

199 RCD type II MIIIb M 62 + DQ2/X

a Marsh classification: M0 (normal); MI (lymphocytosis); MII (additional crypt hyperplasia); MIIIaec (additional villous atrophy; either partial

[a], subtotal [b], or total [3]).
b X indicates other type than DQ2 or DQ8; NA: not available.
c Case 184 was not on GFD and was diagnosed CD MII through early intervention and improved after starting on a GFD.
d Samples 85 and 194 were taken from the same patient on a GFD over a one-year interval.
e Presented as new cases.
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(JWRM). Only patients and affected siblings who
met the MIII criteria [2] were included in our study.
Blood samples were collected and DNA was isolated
according to standard laboratory procedures [18]. A
written informed consent was obtained from all
participating patients and family members. The METC
of the University Medical Center Utrecht approved
this study.

2.5. The IFNG marker with flanking region

PCR fragments containing the CA-repeat polymor-
phism in the first intron of the IFNG gene were obtained
in a reaction volume of 10 ml containing 25 ng of DNA,
0.2 mM dNTPs, 2.5 mM MgCl2, 50 ng of forward
primer 5#-TTA TTC TTA CAA CAC AAA ATC
AAA TC-3#, 50 ng of reverse, fluorescence-labeled
primer 5#-ATA CAA AAA CAA AAA ACA GCA
AAG C-3# and 0.4 U AmpliTaq Gold. The PCR
products of 190e200 bp were separated on a 3700
DNA sequencer and analyzed by Genescan 3.5 and
Genotyper 2.0 software. Reagents, sequence detector,
and software were from Applied Biosystems (Foster
City, CA). The nomenclature of the alleles is adopted
from Pravica et al. [16]; alleles 1e5 correspond to 11e15
CA-repeats, respectively. In our sample, allele 1 was not
present, and alleles 6 and 7 (16 and 17 CA-repeats,
respectively) had frequencies below 0.5% and were
therefore not included in the analysis. In addition, the
following five IFNG flanking markers on 12q15 and
spanning w27 cM were analyzed in the genetic study:
D12S398, D12S1294, D12S375, D12S1052, D12S1064.
All genotypes were checked independently by two
researchers.

2.6. Genetic linkage analysis of the IFNG gene region

The IFNG CA-repeat and the five flanking markers
were tested for linkage to celiac disease by non-
parametric linkage analysis. The analysis was performed
using the MAPMAKER/SIBS program [22], both single
and multipoint analyses were carried out. Marker
positions and order were based on the Marshfield and
Ensembl genetic maps (http://research.marshfieldclinic.
org/genetics/; http://www.ensembl.org). Allele frequen-
cies were calculated from the entire dataset as described
previously [18].

2.7. Genetic association studies of the IFNG gene

Association analysis of the IFNG gene was per-
formed on three cohorts. In the first cohort allele and
genotype frequencies were compared between cases and
controls and P-values were obtained by c2 analysis. The
second (trios) and third cohorts (sibpairs) were sub-
jected to transmission/disequilibrium tests (TDT).

Alleles transmitted and not-transmitted to affected
offspring in the parent-case trios were compared using
a c2 test with 1 degree of freedom. In addition, the two
markers flanking IFNG, D12S1294 and D12S375, were
also subjected to TDT analysis in the second and third
cohorts.

3. Results

3.1. IFNG transcription profiling

Information on the patients and controls used in this
IFNG expression study is summarized in Table 1. The
results of the INFG-transcript quantification by real-
time RT-PCR on the duodenal biopsies are presented in
Fig. 1. The relative expression in all individual biopsies
was obtained after normalization against the average
value of the five normal controls. Also indicated is the
trend line connecting the average expression of each
patient’s category. All the patients’ categories, with the
exception of the CD M0 group (P=0.07), had average
expression levels that were significantly elevated com-
pared to the average value for the normal controls
(P! 0.05). Two features of the IFNG expression pro-
filing stand out. First, there is considerable expression
variability among samples within the same category, and
second, superimposed on this variability there is a re-
markable difference between the averages of each
category. This observed increase of the average IFNG
transcription correlates well with the extent of tissue
remodeling in the duodenum. The variability among the
samples was not confined to just the patients but was
also observed in the normal control group. These
control biopsies varied in IFNG transcription from
0.3-fold (case 208) to 2.8-fold (case 200) the average
value in this class, indicating a maximum 9.3-fold
difference in expression between these two extremes. A
similar pattern was observed in the patient samples, be it
with some more pronounced differences that could be
attributed to just a few patients (e.g. cases 109 and 216).
In general, individual biopsy samples varied in IFNG
transcription within a range of two- to three-fold above
or below the average expression value of their category.
Despite this inter-individual variability, the average
IFNG expression of the various patient categories
appeared to reflect the extent of the tissue lesion. Partial
villous atrophy (CD MIIIa) shows an average 30-fold
over-expression that increases to 60-fold in sub-total
(CD MIIIb), and to a 240-fold up-regulation in the
transition to complete atrophy of the villi (CD MIIIc).
In the CD MII and MI classes this value fluctuates
between 35- and 40-fold, similar to that in CD MIIIa.
Interestingly, although the CD-remission patients had
a histology indistinguishable from the normal controls
they still produced 7.6-fold more IFNG transcripts on
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average. This could suggest that these patients had
either not completely recovered, or have a genetically
determined enhanced IFNG expression. Finally, the
patients refractory to a gluten-free diet (GFD), both in
RCD type I (average 50-fold) and type II (average 100-
fold), showed no pronounced difference in IFNG
expression compared to CD patients with a similar
histology.

3.2. Genetic linkage analysis

Genetic linkage between the IFNG microsatellite
marker and CD was tested in 84 affected sibpairs from
67 independent families. In addition, five flanking
marker loci were included spanning a total region of
26.8 cM (37.6 Mb) on chromosomal band 12q24.1. The
results from both the single-point (Table 2) and multi-
point analyses (data not shown, and Ref. [18]) indicated
no evidence for genetic linkage between the IFNG region
and CD.

3.3. Genetic association analyses

The overall distribution of IFNG CA-repeat alleles
was not significantly different between cases and
controls (Table 3). The influence of allele 2 (12 CA-
repeats) was specifically investigated, as this allele was
reported to be associated with high in vitro expression of
INFG [16]. Homozygosity or heterozygosity for this
allele did not significantly contribute to disease risk

Fig. 1. Relative quantification of IFNG transcription at successive stages of tissue remodeling in duodenal biopsies from CD and RCD patients. Real-

time RT-PCR data from IFNG and the endogenous reference gene GUSB were processed using the 2�DDCt method [21]. The relative expression for

each individual biopsy is normalized to the averaged value of the five normal controls (N). Numbers directly below the bars refer to the biopsies as

summarized in Table 1. Biopsies that belong to the same class, as indicated in the lower part of the graph, have similar fill patterns in the histogram.

A solid black line connects the average values from all categories to illustrate the correlation between IFNG expression and the extent of tissue

remodeling. Note that the relative expression is displayed on a logarithmic scale. Significant differences in expression were tested for using a T-test

(two-sided, assuming equal variance), either with or without a Bonferroni correction for multiple testing. Without the conservative correction, the

differences between the following classes were significant (P! 0.05): N vs. MI, MII, MIIIa/b/c, RCD I/II; M0 vs. MIIIc; MIIIa vs. MIIIc; and MIIIc

vs. RCD I. With the correction applied the significant differences (P! 0.05) were limited to N vs. MIIIc, RCD I, RCD II. The expression ranges

observed for the various patient categories were: CDM0 (0.9e25); CDMI (4.6e109); CDMII (1.3e82); CDMIIIa (24e35); CDMIIIb (25e95); CD

MIIIc (238e246); RCD type I (10e104); and RCD type II (25e195). More pronounced differences resulted from a few outliers: cases 109 (25-fold

below CD MII average), 216 (8.4-fold below CD M0 average), 230 (4.8-fold below RCD type I average), and 177 (4.0-fold below RCD type II

average).

Table 2

Maximum likelihood scores (MLS) for linkage between CD and the

INFG region

Locus Genetic map

location (cM)

Physical map

location (Mb)

MLS

D12S398 68.2 53.7 0.0

D12S1294 78.0 67.7 0.0

IFNG 79.2 68.4 0.0

D12S375 80.5 68.7 0.0

D12S1052 83.2 75.5 0.0

D12S1064 95.0 91.3 0.8



Section IV - Candidate gene and gene family studies

140

Chapter 8  - IFNG in CD: gene expression and genetics

141

(Table 3). Likewise, no significant distortion of random
transmission of CA-repeat alleles to affected offspring
was present in the parent-case trios (Table 4) or the
affected sibpairs (data not shown). Therefore, none of
the cohorts provided any evidence for genetic associa-
tion between IFNG and CD. Additional TDT analysis
of the IFNG-flanking markers, D12S1294 and D12S375,
in the trios and sibpair cohorts also provided no
evidence for association.

4. Discussion

The increase of IFNG expression in untreated CD
patients compared to normal controls and CD patients
who recovered on a GFD has been well documented
[8e11]. To the best of our knowledge, no accurate
measurement of IFNG transcription has been reported
on CD patients who were stratified according to the
successive Marsh stages. The data we have presented
shows the correlation between the average level of IFNG
expression and the extent of tissue restructuring in the
intestinal mucosa. In biopsies with complete atrophy of
the villi (MIIIc), this expression is about 240-fold higher
than that measured in the averaged controls.
Despite this clear phenotype-expression correlation,

we also observed considerable expression variability
within all Marsh classes, although most samples varied
within a range of two- to three-fold the average value of
their category. There were a few outliers but the cause
for their extreme transcriptional behavior could not be
derived from any of the patients’ features as summarized
in Table 1. In these cases it is also unlikely to be the
result of lesion heterogeneity since their expression value
did not fit within the range of the adjacent Marsh class.
A recent study on jejunal T cells in CD showed
a comparable variability in IFNG expression [11].

However, it cannot be excluded that some of this
expression variation resulted from the biopsy sampling.
Two samples from one patient were collected over
a one-year interval while he was on GFD (biopsies 85
and 194). Despite the modest improvement from MIIIa
to MII, the IFNG expression increased 2.3-fold.
Possibly, lesion heterogeneity in the duodenum and
non-representative biopsy sampling could explain this
skewed expression between the marginally different MII
and MIIIa conditions. On the other hand, cytokines like
IFN-g are part of an interactive network and they
influence each other’s expression, as much as they are
controlled by the intrinsic features of the genes
themselves [16]. Therefore, the observed expression
variation could result from polymorphisms in the IFNG
gene, or in the genes that regulate its expression. Given
this remarkable expression variability between individ-
uals, it would be interesting to identify the genetic
factors responsible by genotype-expression comparison
and to determine if some of these genotypes pose
a health risk.
In patients on a GFD and in complete remission

(M0), IFNG expression dropped sharply but was on
average still 7.6-fold higher than in the normal controls.
A similar observation was made for childhood CD [11].
This residual activity might suggest that persistent traces
of an inflammation are still present in an otherwise
normalized mucosa. These patients might still be
encountering trace amounts of contaminating gluten in
their diet, despite a strict adherence to their GFD. Also
sensitization to other natural antigens in the aftermath
of the gluten-induced enteropathy cannot be excluded
completely. However, the negative EmA antibody tests,
and the total absence of any clinical features in these
recovered patients do not support this option. Alterna-
tively, these individuals may carry a genetic factor that
increases steady-state IFNG expression and predisposes
to develop an autoimmune disorder like CD. This,
together with the observed expression variation, and the
important position in the Th1 pathway, prompted us to
investigate the IFNG gene as a causal factor in CD
pathogenesis. We tested a microsatellite marker from
within the IFNG gene, of which a certain allele was
reported to be associated with high in vitro expression of
IFN-g [16]. This CA-repeat polymorphism was also

Table 3

Allele and genotype frequencies of the IFNG CA-repeat polymorphism

in cases and controls

CD cases (N= 207) Controls (N= 210)

Allelea

2 0.46 0.49

3 0.44 0.41

4 0.06 0.06

5 0.04 0.04

Genotypea

2,2 0.23 0.22

2,3 0.37 0.41

2,4 0.04 0.08

2,5 0.04 0.04

2,7 0.004 0.0

X,Xb 0.32 0.25

a No significant differences in either allele or genotype frequencies

were present between cases and controls.
b Allele X is not allele 2.

Table 4

Transmission of IFNG CA-repeat alleles to celiac disease patients

Allele Transmitteda Not transmitted

2 51 51

3 47 51

4 14 12

5 7 6

a None of the alleles were significantly overtransmitted to affected

offspring.
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reported to be associated with several autoimmune
disorders such as type 1 diabetes mellitus [23,24],
rheumatoid arthritis [25], and multiple sclerosis [26,27].
However, neither our sibpair analysis nor the three
association studies provided any evidence that IFNG is
a predisposing gene for CD. It is unlikely that IFNG
makes a strong contribution to CD in other populations
since no evidence for linkage to the 12q15 region was
found in any of the other genome-wide screens
performed so far (reviewed by Van Belzen et al. [18]).
Nevertheless, we cannot exclude the possibility that
enhanced IFNG transcription in treated celiac disease
patients results from a polymorphic gene that regulates
the expression of IFNG. Possible candidates like IL12B
and IRF-1, however, failed to show association with CD
in the Dutch population [28].
When we compared IFNG expression between RCD

and CD patients with similar lesions, we found no
obvious differences. This suggests that the level of IFNG
transcription reflects the extent of tissue remodeling
regardless of any molecular changes that drive the
transition to the refractory condition. However, the two-
fold average increase associated with the switch from
RCD type I to type II shown in Fig. 1 might be
provoked by the presence of the cryptic T-cell lympho-
ma in the latter [29].
We have demonstrated that the extent of mucosal

remodeling in CD is correlated with an enhanced level of
IFNG transcription that shows considerable fluctuation
between individuals. Despite its crucial role in the Th1
pathway, and the increased expression in recovered
patients, there is no evidence that the IFNG gene itself
confers susceptibility for developing CD. Based on the
results from our genome-wide expression study, we
recently proposed a model that explains the pathology
of CD by an increased proliferation-without-differenti-
ation [30]. In this model the elevated IFNG expression
could induce or sustain the undifferentiated but highly
proliferative condition of the celiac mucosa, rather than
causing tissue damage by apoptosis and necrosis.
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ABSTRACT 
The intestinal inflammation in coeliac disease (CD) is characterized by an immune 
response in which IFN-γ plays a pivotal role. The CA-repeat in intron 1 of IFNG 
has been genetically associated with autoimmune diseases and is correlated 
with elevated in vitro IFN-γ production. In a previous study we were not able to 
find evidence for genetic association of this CA-repeat polymorphism in Dutch 
CD patients. Here we present five haplotype tagging SNPs that are in complete 
linkage disequilibrium and detect six common haplotypes in a region of 83 kb 
that includes IFNG. We observed significant association for the intron 3 variant 
rs2069718*A (P = 0.002; OR 1.32; 95% CI 1.11 – 1.57), in a Dutch cohort of 464 
cases and 659 controls. We observed no association with the high-risk (CA)

12
-

allele, which also did not occur on rs2069718*A-containing haplotypes. Therefore, 
the variant rs2069718*A may represent an improved susceptibility marker for 
autoimmune diseases.

INTRODUCTION
Coeliac disease (CD) is a gluten-induced inflammatory condition of the small 
gut characterized by atrophy of the villi, crypt hyperplasia, and lymphocyte 
infiltration1. The disease is a complex genetic trait and the major susceptibility locus 
is comprised of the HLA-DQA and –DQB genes2. The encoded HLA-DQ2 and -DQ8 
proteins on the surface of antigen presenting cells bind (deamidated) gluten-peptides 
and stimulate T cells in the lamina propria to display a Th1 phenotype3. The Th1 
proinflammatory cytokine interferon-gamma (IFN-γ) plays a prominent role in CD 
pathogenesis. CD patients respond to gluten with an elevated IFN-γ level and an 
increase in the number of IFN-γ-producing cells in the gut mucosa4, 5. The potency 
of IFN-γ to remodel the mucosal architecture was demonstrated in ex vivo tissue 
explants6, and in an in vivo rat model7. We reported earlier that IFNG mRNA levels 
correlated with progression of tissue restructuring in patients following a gluten-
free diet8, and that a vast number of genes up- and downstream in the IFNG-
pathway behaved similarly (Diosdado, submitted). We also observed considerable 
IFNG expression variability between patients that might be caused by cis- or trans-
acting genetic factors8. By regulating IFNG expression these very same factors could 
contribute to the genetic susceptibility for CD. The (CA)

12
-allele of the microsatellite 

marker in the first intron of IFNG was reportedly associated with enhanced in vitro 
IFN-γ production9. Genetic association of this CA-repeat, and the adjacent +874 
T/A variant which is in linkage disequilibrium (LD) with it, has been observed 
in several autoimmune disorders10-14, including a study in Spanish CD patients15. 
However, in Dutch CD patients we could find no evidence for this association8. In 
the present study we used the LD structure of IFNG to select five haplotype tagging 
(ht) SNPs across the gene and we report significant genetic association for one of 
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these in our Dutch CD patient cohort. This htSNP may also prove to be of value for 
studying other autoimmune disorders.

RESULTS AND DISCUSSION
The LD structure of IFNG, based on HapMap (Phase II), is depicted in figure 1. 
The entire IFNG gene of 5.0 kb is contained within a region of complete LD (D’ = 
1). This haploblock spans more than 83 kb, stretches from the SNPs rs10467156 
to rs12320174, and includes 171 SNPs which form five frequent haplotypes (> 
5%). Five htSNPs were selected from this LD-block (figure 1) and tested for genetic 
association in a case/control cohort of Dutch CD patients16 (see table 1). Two SNPs 
showed significant association: rs2069718*A-allele (P = 0.002, OR 1.32 95% CI 1.11  
- 1.57) and rs2193049*C-allele (P = 0.017, OR 1.27 95% CI 1.04 - 1.54), while the 
rs10878760*T-allele showed a trend towards association (P = 0.06, OR 1.25 95% CI 
0.99 - 1.59). When a Bonferroni correction was applied to correct for the number of 
tests (n=5), only the association with SNP rs2069718 remained significant.

Figure 1. Genomic organization of the IFNG gene, the LD-block in which it is contained, 
and the five htSNPs and intron 1 CA-repeat that were use in this study.  Solid boxes indicate 
exons with coding (black) and untranslated regions (grey) indicated. The lower portion of the 
figure shows the pairwise linkage-disequilibrium structure between indicated SNPs given by 
D’ statistics based on the European population in the HapMap database (Phase II).    
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Table 1. Allele distribution of htSNPs from the IFNG locus in Dutch CD cases and 
controls

Cases (n=464) Controls (n=659)

htSNP Allele Counts Freq (%) Counts Freq (%) P-value OR 95% CI
rs10878760 G 775 84 1141 87 ref 1

T 149 16 175 13 0.060 1.25 0.99 - 1.59
rs2193049 G 608 71 955 76 ref 1

C 248 29 307 24 0.017 1.27 1.04 - 1.54
rs2069727 G 434 47 660 51 ref 1

A 488 53 644 49 0.100 1.15 0.97 - 1.36
rs2069718 G 530 59 847 66 ref 1

A 366 41 443 34 0.002 1.32 1.11 - 1.57
rs2069716 A 803 95 1190 94 ref 1

G 47 5 70 6 0.980 0.995 0.68 - 1.46

Genotypes were established on two different platforms: the Illumina BeadStation (rs2193049 and rs2069716) 
and the Applied Biosystems 7900HT (rs10878760, rs2069727, and rs2069718). The analysis on the Illumina 
platform was part of a comprehensive screen as described in detail by Monsuur, 2005. On the Applied 
Biosystems platform we used Taqman Assay-on-Demand (rs2069718) and Assay-by-Design (rs10878760, 
rs2069727). Protocols and reagents were obtained from Illumina and Applied Biosystems, respectively. Geno-
types of all five SNPs were made from a total of 464 cases and 659 controls. Allele distribution in cases and 
controls were compared using the COCAPHASE module of the UNPHASED statistical package (Dudbridge, 
2003). All htSNPs were in Hardy-Weinberg equilibrium in the cases and controls and calculated with the 
Haploview application (Barrett, 2005). Odds ratios were calculated and confidence intervals were approxi-
mated using Woolf’s method with Haldane’s correction (Haldane, 1956). Details on the htSNPs can be found 
in supplementary table 1.

We also re-examined the CA-repeat from intron 1 in our Dutch patient cohort, 
which has been expanded with 257 cases and 449 controls since our previous 
study8 (table 2). The distribution of alleles was equal between cases and controls, 
and nearly identical to that reported earlier8. This also clearly demonstrated that 
population homogeneity was maintained after a major increase in our sample 
size. Again, the (CA)

12
-allele that had been correlated with higher in vitro IFN-γ 

production was not associated with CD9. 
The five htSNPs identified six common IFNG haplotypes with frequencies 

> 5% (see table 3), but the overall haplotype distribution was not significantly 
different between cases and controls (P = 0.17). Only one of the three haplotypes 
that carried the associated rs2069718*A-allele (G-C-A-A-A, haplotype 4) was 
borderline significant (P = 0.05), although all three (haplotypes 3, 4, and 5) showed 
a similar trend of increased frequency in CD cases. As might be expected, we 
observed that the CA-repeat was in strong LD with the five htSNPs. Three out of 
the four frequent CA-alleles, (CA)

12
, (CA)

14
, and (CA)

15
, were predominantly present 

on the most frequent G-G-G-G-A htSNP haplotype 1. The (CA)
13

-allele, on the 
contrary, was distributed more or less equally among the haplotypes 2, 3, and 4 
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(table 4). Extending the htSNP haplotypes with the CA-repeat did not change the 
overall haplotype distribution among the cases and controls (P = 0.13). 

Table 2. Allele distribution of the IFNG intron 1-CA-repeat in Dutch CD cases and 
controls

CA-repeat Cases (n=464) Controls (n=659)

Allele Counts Freq (%) Counts Freq (%) P-value OR 95% CI
(CA)12 421 46 639 49 ref 1
(CA)13 402 44 546 42 0.220 1.12 0.94 - 1.34
(CA)14 64 7 67 5 0.040 1.45 1.01 - 2.08
(CA)15 33 4 46 4 0.710 1.10 0.69 - 1.74

Generation of IFNG CA-repeat fragments by PCR, sizing on an ABI 3730 DNA sequencer, and genotype 
analysis using Genescan 3.5 and Genotyper 2.0 software was performed as described previously (Wapenaar, 
2004). The (CA)11-allele was not present in our cohorts, while the frequencies of the (CA)16-, (CA)17-, and (CA)18-
alleles were below 0.5% and were not included in the analysis. Allele distributions were calculated as indicated 
in table 1.

Table 3. Haplotype distribution of IFNG htSNPs in Dutch CD patients and controls

Cases (n=464) Controls (n=659)

Haplotype Number Counts Freq (%) Counts Freq (%) P-value OR 95% CI
G-G-G-G-A 1 339 42 544 45 ref
G-G-A-G-A 2 104 13 186 15 0.70 0.90 0.68 - 1.18
T - C - A - A - A 3 130 16 168 14 0.40 1.24 0.95 - 1.62
G -C-A-A-A 4 109 13 132 11 0.05 1.33 1.00 - 1.77
G-G -A-A-A 5 86 11 123 10 0.75 1.12 0.83 - 1.53
G-G-G-G-G 6 45 6 62 5 0.80 1.17 0.78 - 1.75

The order of the htSNPS in the haplotype is: rs10878760 - rs2193049 - rs2069727 - rs2069718 - 
rs2069716. The overall P-value for the haplotypes is 0.170. Haplotype association was estimated using the 
UNPHASED package (Dudbridge, 2003).

The report that the (CA)
12

-allele was associated with higher in vitro IFN-γ 
production has since its appearance9, sparked a large number of genetic studies 
on its possible involvement in autoimmune diseases. Indeed, genetic associations 
have been reported for type 1 diabetes10, rheumatoid arthritis11, multiple sclerosis12, 
and systemic lupus erythematosus13. However, the correlation between this  
microsatellite allele and IFN-γ production was not undisputed17, 18. In our previous 
study using both a case/control cohort and parents-affected offspring trios8, and 
again confirmed here with the expanded case/control cohort, we could not find 
evidence for genetic association between this CA-repeat and CD. In a Spanish CD 
study association was observed for the (CA)

12
-allele in familial transmission, but
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Table 4. Combined IFNG htSNPs/CA-repeat haplotype distribution in Dutch CD 
patients and controls

Cases (n=464) Controls (n=659)

Haplotype Counts Freq (%) Counts Freq (%) P-value OR 95% CI
G-G-G-G-A-(CA)12 323 40 519 43 ref 1
G-G-A-G-A-(CA)13 101 12 182 15 0.42 0.89 0.68 – 1.18
T-C-A-A-A- (CA)13 124 15 167 14 0.20 1.19 0.91 – 1.56
G-C-A-A-A- (CA)13 105 13 130 11 0.08 1.30 0.97 – 1.74
G-G-G-G-G-(CA)12 44 5.4 59 4.9 0.39 1.20 0.80 – 1.82
G-G-A-A-A-(CA)14 52 6.4 59 4.9 0.09 1.41 0.95 – 2.11
G-G-A-A-A-(CA)15 26 3.4 40 3.2 0.87 1.14 0.64 – 1.76

See legend of table 3 for details. 

could not be replicated in a case/control cohort15. In the present study we have 
demonstrated association in the Dutch population between CD and the htSNP 
rs2069718*A-allele by using a haplotype tagging SNP approach. This SNP allele is 
present on three common haplotypes (numbers 3, 4, and 5) that do not carry the 
(CA)

12
-allele. The disparity in the studies with the CA-repeat may be explained by 

the relative instability of microsatellite alleles, such that its alleles may occur on 
diverse haplotypic backgrounds in the various ethnic groups. It is unlikely that 
the associated SNP rs2069718 is a causative variant and it may turn out to be a 
daunting task to identify the true mutant given the strong LD within this locus. 
Evolutionary conserved noncoding sequence elements that regulate IFN-γ have 
been identified19. Unfortunately these regions are characterized by a lack of SNP 
variants. Identification of the true genetic variants that contribute to differential 
IFNG expression, and thus to autoimmune susceptibility, may require large-scale 
whole-gene sequencing. In conclusion, we demonstrated that 1) IFNG is associated 
with CD in the Dutch population, although it is a minor contribution to the overall 
disease susceptibility, and 2) the use of SNP variants, particularly rs2069718, is 
preferable over that of the first-intron CA-repeat.
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Supplementary table 1. dbSNP nomenclature, genome location, and sequence 
of the IFNG htSNPs used in this study

htSNP Location* Sequence
rs10878760 66816282 TTATGCAAGACTCTTTCTCACCTAG[G/T]TTTGACCTTCCTCCGAGGTTCTCTG
rs2193049 66833189 AGACAGCTTCACAGTAGCCCTTCAT[C/G]TGTTTATACATCAAAGTCTGCATCA
rs2069727 66834490 TCTCCACCTTCCTATTTCCTCCTTC[A/G]TTTCAGAATCTTCCTCTCCCTCATC
rs2069718 66836429 CAAGAGGAAGGTAAATGGTCCACAT[C/T]TTATGAAGCATCATCTAAATGGCCC
rs2069716 66837082 GCATAAAGACAAATCATGTTTTTCA[A/G]AATGTTTTCTAGAAGACAAAGGCCT

 * Genome location in bp according to NCBI Build 36.1





Chapter 10

The SPINK gene family and 

coeliac disease susceptibility

MC Wapenaar, AJ Monsuur, J Poell, Ruben van ‘t Slot, JWR Meijer, 

GA Meijer, CJJ Mulder, ML Mearin, and C Wijmenga

(Submitted for publication)



Chapter 10 - SPINK genes and CD susceptibility 

155



Chapter 10 - SPINK genes and CD susceptibility 

155

ABSTRACT
Objective. The gene family of serine protease inhibitors of the Kazal type (SPINK) 
are functional and positional candidate genes for coeliac disease (CD). Our aim was 
to assess the gut mucosal gene expression and genetic association of SPINK1, -2, -4, 
and –5 in the Dutch CD population. 
Methods. Gene expression was determined for all four SPINK genes by quantitative 
reverse-transcription PCR in duodenal biopsy samples from untreated (n=15) and 
diet-treated patients (n=31), and controls (n=16).  Genetic association of the four 
SPINK genes was tested with in total 18 haplotype tagging SNPs, and one coding 
SNP, in 310 patients and 180 controls. The SPINK4 study cohort was further 
expanded to include 479 CD cases and 540 controls. SPINK4 DNA sequence 
analysis was performed on six members of a multi-generation CD family to detect 
possible point mutations or deletions.  
Results. SPINK4 showed differential gene expression, which was at its highest in 
untreated patients and dropped sharply upon commencement of a gluten-free diet. 
Genetic association tests for all four SPINK genes were negative, including SPINK4 
in the extended case/control cohort. No SPINK4 mutations or deletions were 
observed in the multi-generation CD family with linkage to chromosome 9p21-13, 
nor was the coding SNP disease-specific.   
Conclusions. SPINK4 exhibits CD pathology-related differential gene expression, 
likely derived from altered goblet cell activity. All four SPINK genes tested do not 
contribute to the genetic risk for CD in the Dutch population.

INTRODUCTION
Coeliac disease (CD) is a chronic inflammatory condition of the small intestine 
due to an immunological intolerance for the food protein gluten. Patients 
have to adhere to a life-long diet devoid of gluten to prevent the detrimental 
effects of a prolonged nutrient and mineral deficiency1. Susceptibility for CD 
is predominantly determined by genetic factors, and the complex inheritance 
patterns suggest the interaction of multiple genes2. It is well established that the 
adaptive immune response to gluten plays a pivotal role in the pathogenesis of 
CD. Th1 activation of CD4+ T cells follows gluten-peptide presentation by DQ2 
or DQ8 molecules expressed on antigen-presenting cells3. The HLA-DQA and 
-DQB gene variants coding for these molecules are the major genetic determinants 
for CD susceptibility4. Recently, also the importance of innate immunity in CD 
pathogenesis was underscored by the observation of induced IL15 expression and 
NKT cell chemotaxis, through the MICA and NKG2D molecules5, 6. However, no 
genetic contribution of the cognate genes has been demonstrated. The notion of 
crosstalk between the adaptive and innate immune systems is not limited to CD 
and gets much attention in studies of the inflammatory process7. This raises the 
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question whether some aspects of innate immunity may contribute to the genetic 
susceptibility for CD. The innate immune system uses a wide array of defense 
mechanisms against the invasion of pathogens. These encompass the expression of 
pattern recognition receptors, release of antimicrobial molecules, and preservation 
of epithelial barrier and tissue integrity by e.g. serine protease inhibitors8. 

One branch of the family of serine protease inhibitors is that of the Kazal type 
(SPINK), that originally consisted of four members in humans (SPINK1, SPINK2, 
SPINK4, and SPINK5). Recently, as part of a cluster of SPINK genes on chromosome 
5q32 that already included SPINK1 and SPINK5, five new SPINK(-like) members 
were identified that were located more distally: SPINK5L2, SPINK6, SPINK5L3, 
SPINK7, and SPINK9, respectively (NCBI Map Viewer, build 36.1). However, these 
new members lack functional annotation and were therefore not included in this 
study. SPINK family members 1, 2, and 4 have a comparable size and structure, 
coded for by 4 exons with a single Kazal type serine protease inhibitor domain. 
SPINK5, in contrast, contains 33 exons that encode 15 inhibitory domains. All four 
SPINK members are thought to be involved in the protection against proteolytic 
degradation of epithelial and mucosal tissues although their major site of 
expression may differ. SPINK1 is expressed in the pancreas and the gastrointestinal 
tract and mutations in this gene are reported in various forms of pancreatitis9. 
SPINK2 (located on 4q12) is expressed in testis, epididymis, and seminal vesicle, 
where its antimicrobial function may be involved in protection of fertility10. 
SPINK4 was originally isolated from pig intestine11, and is abundantly expressed 
in human and porcine goblet cells in the crypts of Lieberkühn, but was also 
found in monocytes and in the central nervous system12, 13. SPINK5 is expressed 
in the thymus, vaginal epithelium, Bartolin’s glands, oral mucosa, tonsils, and the 
parathyroid glands14. Mutations in SPINK5 are responsible for Netherton syndrome, 
a lethal skin disorder characterized by ichthyosis, hair shaft defects, atopy, skin 
barrier defects, and recurrent bacterial infections15. Mouse models of Netherton 
syndrome have shown enhanced proteolysis of desmoglein 1 and filaggrin in 
SPINK5 mutants16, 17. Moreover, SPINK5 has also been associated with asthma and 
atopic dermatitis18

Interestingly, both SPINK1 and SPINK5 are located on chromosome 5q32. 
This region contains the CELIAC2 susceptibility locus that emerged repeatedly in 
linkage studies19. Despite that this region is rich in candidate cytokine genes and 
intense mapping efforts were made, no closely associated genes were identified20. 
Likewise, SPINK4 is located on chromosome 9p13.3 and resides within a linkage 
region (9p21-13) where we previously identified a novel CD locus that segregated 
within a four-generation Dutch family21. Taken together, the role of SPINK genes in 
epithelial and mucosal protection, and the important genetic locations of SPINK1, 
SPINK4, and SPINK5, prompted us to subject the four conventional members of the 
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SPINK family to gene expression and genetic association analyses to ascertain their 
possible role in CD pathogenesis. 

MATERIALS AND METHODS
Patient material
Duodenal biopsy samples were collected by endoscopy as part of a routine CD 
diagnostic procedure, or to monitor the response to a gluten-free diet in previously 
diagnosed patients. All patients were classified using the Marsh nomenclature 
according to the UEGW criteria22. Two biopsy samples taken in parallel to those 
used for histological examination were pooled and used for determination of gene 
expression. In total, 61 individuals were examined with quantitative reverse-
transcription polymerase chain reaction (qRT-PCR), of which 15 were normal 
controls and 46 were CD patients. The patient group consisted of 15 untreated 
cases with villous atrophy (MIII), and 31 patients treated with a gluten-free diet 
who were in various stages of mucosal recovery: MII (crypt hyperplasia; n=11), MI 
(lymphocyte infiltration; n=8), and M0 (complete remission; n=12). The biopsies 
of all participating patients were re-evaluated by an experienced pathologist 
and only CD patients with a proven original Marsh III lesion were included in 
this study. The genetic association study on all four SPINK genes was initially 
conducted on a cohort of 310 independent CD patients and 180 independent 
age- and sex-matched controls, all of which were from Dutch Caucasian decent. 
In a second stage, exclusively focused on all SPINK4 SNPs, we added 360 controls 
to a total of 540. In case of three SPINK4 variants with suggestive P-values, the 
power of the study was further enhanced by adding 169 extra CD cases to a total 
of 479. In parallel, we also examined the SPINK4 gene in a previously described 
four-generation Dutch CD family21. Six family members and a CEPH control were 
subjected to DNA sequence analysis of the SPINK4 coding regions and splice sites 
boundaries. Additionally, we performed SPINK4 SNP haplotype analysis in this 
family. All patients and family members that volunteered for this study signed an 
informed consent. The study was approved by the Medical Ethics Committee of the 
University Medical Center Utrecht.

Expression study
The isolation of total RNA from biopsy samples and the analysis of gene expression 
by real-time qRT-PCR on an ABI Prism 7900HT was performed as described 
before23. We used the commercially available Assay-on-Demand test for SPINK1 
(Hs00162154_m1), SPINK2 (Hs00221653_m1), SPINK4 (Hs00205508_m1), 
SPINK5 (Hs00199260), and the endogenous control gene GUSB (PDAR 4326320E) 
(Applied Biosystems, Foster City, CA). All samples were tested in triplicate on 
pooled cDNA samples representing each Marsh class. The results were confirmed 



Section IV - Candidate gene and gene family studies

158

Chapter 10 - SPINK genes and CD susceptibility 

159

with cDNA from individual samples tested in duplicate. Relative levels of gene 
expression were obtained using the SDS2.1 software (Applied Biosystems). 

Genetic association and data analysis
Haplotype tagging SNPs were selected for SPINK1, SPINK2, SPINK4 and SPINK5 
based on HapMap (Phase I) data using Haploview24. For each haploblock 
containing SNPs in high linkage-disequilibrium, one or more representative SNPs 
were selected that should capture the genetic variation within that block. For the 
four SPINK genes tested, this resulted in a set of 18 haplotype tagging SNPs and 
one coding SNP (see table 1 and figure 2). SNP assays were obtained from Applied 
Biosystems (Foster City, CA) and analyzed on an ABI Prism 7900HT. Hardy-
Weinberg Equilibrium (HWE) was evaluated separately in cases and controls, for 
all SNPs tested. Allele frequencies were compared between cases and controls and 
P-values were obtained by χ2 analysis. 

DNA sequence analysis
DNA sequence analysis was performed on SPINK4 in six members of a four-
generation Dutch CD family, and one CEPH control (family 1331, individual 
02). Of these six family members, four were affected (index 02, 08, 32, and 41) 
and carried the disease-linked haplotype, and two were non-affected (index 21 
and 31) without this haplotype (figure 3). All coding sequences of the SPINK4 
gene were PCR-amplified, including the intron-exon boundaries (for primers and 
protocols see supplementary data table 1). PCR products were examined on a 
2% agarose gel and purified with a Millipore Vacuum Manifold (Billerica, MA). 
Samples were prepared with the BigDye terminator cycle sequencing ready kit 
(Applied Biosystems, Foster City, CA) according to the manufacturer’s protocol. 
PCR and sequencing amplification were performed on a GeneAmp PCR system 
9700 (Perkin Elmer, Foster City, CA). Sequences were run on an ABI Prism 3730 
analyzer (Applied Biosystems, Foster City, CA). Analysis and sequence alignment 
was carried out with Sequence Navigator (Applied Biosystems, Foster City, CA) and 
Vector NTI (InforMax Inc, MA, USA) software packages.

RESULTS
SPINK gene expression in the CD mucosa
The expression of all four conventional members of the human SPINK family was 
determined by real-time qRT-PCR on duodenal biopsy-derived cDNA pools from 
normal controls and CD patients, either untreated or in various stages of remission 
on a gluten-free diet. The results shown in figure 1 indicate that only SPINK4 
(figure 1C) is differentially expressed and that its transcriptional activity, which is 
at its highest in Marsh III (20-fold compared to controls), decreases sharply 
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(four-fold) when patients improve and make a transition to Marsh II. To preclude 
that the results for SPINK4 might be biased by fortuitous differences in individual 
expression levels within the generated pools, we also examined the control and 
case samples each separately. This did not change the observed drop in SPINK4 
expression during tissue recovery (see supplementary figure 1). Likewise, we 
performed the same analysis for the other three SPINK genes without affecting 
the profile already observed in the pools (results not shown). We also examined 
the relative expression of the four SPINK genes with respect to each other in the 
normal intestinal mucosa. This showed that both SPINK1 and SPINK4 have the 
highest expression, which is respectively 480-fold and 240-fold higher compared 
to SPINK2, while SPINK5 is in the same order of magnitude (five-fold) as SPINK2 
(figure 1E). In conclusion, only the SPINK4 gene appears to be differentially 
regulated in the intestinal mucosa during recovery from the gluten-evoked CD 
lesion. This observation prompted us to examine whether SPINK4, or any of the 
other SPINK genes, could also be causally related to the CD pathogenesis. 

Genetic association analysis of SPINK genes
We designed a haplotype tagging SNP strategy to capture all genetic variation in 
SPINK1, -2, -4, and –5. An overview of these four SPINK genes with their genomic 
organization, linkage-disequilibrium structure, and the position of the haplotype 
tagging SNPs used, is depicted in figure 2. Initially these haplotype tagging SNPs 
were tested in 310 CD cases and 180 controls (table 1) and showed no significant 
association for any of the haplotype tagging SNPs in the four SPINK genes. Despite 
the initial negative result we decided to pursuit SPINK4 further because it is 
expressed in goblet cells12, displayed a CD pathology-related differential expression 
in the intestinal mucosa, and maps within a CD linkage region21. Initially, we 
expanded the control group with 360 samples to a total of 540 for all SPINK4 SNPs 
tested. As a result the Val7Ile coding variant rs706107 and its flanking haplotype 
tagging SNPs rs891671 and rs706109 yielded suggestive, but non-significant, P-
values of 0.0595, 0.0510, and 0.1122, respectively (data not shown). To increase the 
power of the study even further we subsequently added 169 CD cases to a total of 
479. The effect on the P-values of the three SNPs tested was such that they dropped 
below the significance threshold (see table 2). From this we conclude that the four 
SPINK genes tested do not contribute to the genetic susceptibility in the Dutch CD 
population.

SPINK4 sequence analysis in a multi-generation family 
We have previously described a four-generation CD family with an extraordinary 
high incidence of affected individuals (see figure 3). The disease segregated with a
grand-maternal haplotype on chromosome 9p21-1321, a region that encompasses
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Figure 1. Results of qRT-PCR of SPINK genes in normal controls (NC) and CD patients, 
either untreated (MIII), or on a gluten-free diet (MII-M0). The Marsh (M) stages refer to 
the pathological conditions of the mucosa, characterized by atrophy of the villi (MIII); 
hyperplastic crypts between the villi (MIII - MII); and enhanced lymphocyte infiltration (MIII 
– MII - MI). Stage M0 indicates complete remission, comparable to controls. The genes tested 
were: SPINK1 (A); SPINK2 (B); SPINK4 (C); and SPINK5 (D). Measurements were made in 
triplicate, on pools of separately prepared cDNA samples. Expression data were normalized 
to the normal control pool. (E) Relative expression of all four SPINK genes with respect to 
SPINK2 in the healthy duodenal mucosa. Note the logarithmic scale here. The GUSB gene 
was used as endogenous control in all tests. Error bars indicate standard deviations.

E
R

el
at

iv
e 

ex
pr

es
si

on
 

SPIN
K1

SPIN
K2

SPIN
K4

SPIN
K5



Section IV - Candidate gene and gene family studies

162

Chapter 10 - SPINK genes and CD susceptibility 

163



Section IV - Candidate gene and gene family studies

162

Chapter 10 - SPINK genes and CD susceptibility 

163

Figure 2. Genomic organization of the four SPINK genes. The upper horizontal line 
indicates exon locations (vertical bars) and SNP positions (numbered asterisks). The SNPs 
are numbered for each gene consecutively as they appear in table 1. SPINK4 SNP number 
4 represents the non-synonymous (Val7Ile) coding SNP rs706107. The arrow points indicate 
the orientation of transcription. The lower portion of the figure shows the pairwise linkage-
disequilibrium structure between indicated SNPs given by D’ statistics based on the European 
population in the HapMap database (Phase II). Darker red intensities indicate higher D’-
values (numbers indicate D’-value, while SNP pairs without number have a D’=1). 

SPINK4. The apparent dominant inheritance pattern could be caused by a mutation 
that is rare in the general CD population, but present with a high phenotypic 
penetration in this specific family. To assess if any functional variants of the 
SPINK4 gene were present in this family we sequenced all its exons and intron-
exon boundaries in six family members. However, we did not observe mutations 
in any of the samples tested (results not shown). Neither was the exon 1 coding 
SNP rs706107 specific for affected individuals since all seven individuals tested 
(including the CEPH control) carried the most frequent GG genotype (figure 3). 
To exclude the possibility of deletions in SPINK4 to be misinterpreted from the 
sequence data as homozygous genotypes, we also performed segregation analysis 
of the grand-parental SPINK4 haplotypes within the entire family but observed 
no suspect inheritance pattern (figure 3). In conclusion, we have found no 
evidence that SPINK4 is a candidate gene for the chromosome 9p21-13 CD locus 
in the Dutch population in general, or in the multi-generation Dutch CD family 
specifically.



Section IV - Candidate gene and gene family studies

164

Chapter 10 - SPINK genes and CD susceptibility 

165

Table 1. Allelic distribution of SPINK haplotype tagging SNPs in a Dutch CD case-
control cohort

 Cases (n=310 ) Controls (n=180 )   

Allele Allele 
counts

Allele  
freq (%)

Allele 
counts

Allele  
freq (%)

  

Gene 
name

SNP i.d. Position* Minor/
Major

Minor Major Minor Major Minor Major Minor Major χ2 P-value

SPINK1 rs10515593 147,178,993 A/G 119 449 21 79 76 268 22.1 77.9 0.166 0.6834

SPINK1 rs3777125 147,184,010 C/G 228 336 40.4 59.6 150 200 42.9 57.1 0.527 0.4681

SPINK1 rs4705204 147,195,313 C/A 125 429 22.6 77.4 60 276 17.9 82.1 2.813 0.0935

SPINK1 rs891992 147,205,707 G/A 77 483 13.8 86.2 47 303 13.4 86.6 0.019 0.8906

SPINK2 rs10015630 57,520,070 A/G 216 328 39.7 60.3 136 216 38.6 61.4 0.102 0.7489

SPINK2 rs781542 57,528,232 G/A 220 390 36.1 63.9 123 221 35.8 64.2 0.009 0.9237

SPINK4 rs563353 33,206,428 G/C 120 472 20.3 79.7 67 279 19.4 80.6 0.112 0.7375

SPINK4 rs563512 33,206,484 G/A 50 556 8.3 91.7 36 310 10.4 89.6 1.243 0.2648

SPINK4 rs891671 33,222,271 G/T 70 540 11.5 88.5 52 304 14.6 85.4 1.998 0.1575

SPINK4 rs706107** 33,230,225 A/G 117 499 19 81 81 269 23.1 76.9 2.358 0.1246

SPINK4 rs706109 33,230,668 A/G 118 486 19.5 80.5 82 276 22.9 77.1 1.549 0.2133

SPINK4 rs706115 33,243,605 G/C 77 537 12.5 87.5 52 308 14.4 85.6 0.716 0.3975

SPINK5 rs3756688 147,422,972 G/A 232 380 37.9 62.1 135 221 37.9 62.1 0.000 0.9968

SPINK5 rs4472254 147,433,830 A/C 240 376 39 61 142 214 39.9 60.1 0.081 0.7757

SPINK5 rs4519913 147,452,004 G/A 279 331 45.7 54.3 168 192 46.7 53.3 0.079 0.7792

SPINK5 rs1422987 147,466,552 T/C 49 559 8.1 91.9 27 329 7.6 92.4 0.070 0.7917

SPINK5 rs3815740 147,471,386 G/A 38 574 6.2 93.8 21 337 5.9 94.1 0.047 0.8291

SPINK5 rs2052532 147,476,500 G/A 200 414 32.6 67.4 117 241 32.7 67.3 0.001 0.9723

SPINK5 rs3764930 147,485,309 G/A 199 413 32.5 67.5 117 243 32.5 67.5 0.000 0.9958

*Basepair position according to NCBI build 35.1
**Coding SNP, non-synonymous change (Val7Ile)

Table 2. Allelic distribution of three selected SPINK4 SNPs in the extended Dutch 
CD case-control cohort

Cases (n=479 ) Controls (n=540 )

Allele Allele 
counts

Allele freq 
(%)

Allele 
counts

Allele freq 
(%)

Gene 
name

SNP i.d. Position* Minor/
Major

Minor Major Minor Major Minor Major Minor Major χ2 P-value

SPINK4 rs891671 33,222,271 G/T 126 814 13.4 86.6 158 904 14.9 85.1 0.889 0.3457

SPINK4 rs706107** 33,230,225 A/G 205 737 21.8 78.2 242 814 22.9 77.1 0.382 0.5365

SPINK4 rs706109 33,230,668 A/G 212 724 22.6 77.4 242 816 22.9 77.1 0.014 0.9053

*Basepair position according to NCBI build 35.1
**Coding SNP, non-synonymous change (Val7Ile)
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DISCUSSION
Chronic inflammatory conditions and autoimmune disorders are typically 
characterized by a deregulated adaptive and innate immune system. The 
innate defense consists of multiple components that include physical barriers, 
antimicrobial molecules, pattern recognition receptors, circulating phagocytes, and 
the complement system7. A breach of the epithelial barrier and loss of microbial 
containment is often the first of a series of events that trigger or sustain chronic 
inflammatory diseases25, as described e.g. in Crohn’s disease, atopic eczema, 
asthma, and psoriasis26. In CD the gut-lumen separation is undermined by dietary 
gluten that evokes a combined innate and adaptive immune response27. It is the 
joined action of gluten peptides, environmental factors, and genetic determinants 
that precipitates this enteropathy. The HLA locus is the major genetic contribution 
to the adaptive Th1 reaction4. Recently, we identified MYO9B as a susceptibility 
gene in the Dutch population that possibly has an effect on epithelial barrier 
integrity28. Several other studies have underscored the involvement of innate 
immunity in CD, however without identification of underlying causative gene 
variants27. Interestingly, it was also reported that the epithelial glycocalyx and the 
bacterial composition in the CD gut is distinct29, 30. 

In search of genes that may have a primary contribution to CD pathogenesis 
we focused our attention to the SPINK family of serine protease inhibitors that 
play an important role in tissue preservation through containment of uncontrolled 
proteolysis and bacterial growth. In this study we demonstrate differential gene 
expression of mucosal SPINK4 in CD. Crypt hyperplasia is a feature of the Marsh 
III and Marsh II stages of CD and the concomitant increase of the number of 
goblet cells may contribute to the increased SPINK4 expression. However, the 
observed sharp decrease in gene expression sets in during the MIII/MII transition 
while crypt normalization is observed only later at the MII/MI recovery phase. 
This suggests that SPINK4 down-regulation sets in soon after commencement of 
the gluten-free diet. This SPINK4 differential expression probably reflects altered 
goblet cell activity, but its functional significance and regulatory mechanism in CD 
pathology remains to be established.

The combination of functional relevance and mapping to CD linkage intervals 
pointed to the SPINK family members as attractive functional and positional 
candidate genes. We have chosen a robust strategy for genetic association testing 
based on haplotype tagging SNPs and linkage-disequilibrium structure of the 
SPINK loci, applied to a considerably sized Dutch case-control cohort. With our 
study design we had 75% power to detect association with SPINK1, -2, and –5 
(relative risk 2.0; allele frequency 0.1 – 0.45; 95% confidence interval), while these 
was even 95% (RR 2.0), and 80% (RR 1.6) for SPINK4. In parallel, we examined the 
extended Dutch CD family for variants and deletions in SPINK4. We hypothesized 
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Figure 3. Pedigree of the Dutch multi-generation CD family. Only affected descendents are 
depicted (ten out of thirteen siblings in the second generation were affected). The grand-
parental SPINK4 haplotypes are boxed, and shaded where identical to the grand-maternal 
at-risk haplotype (non-informative). The SNPs are ordered (top-to-bottom) as they appear 
in table 1. Genotype numbers 1, 2, 3, and 4 refer to A, C, G, and T alleles, respectively. 
Sequence analysis was performed on family members 02, 08, 21, 31, 32, and 41. Family 
member index numbers are indicated in bold.

that a specific SPINK4 mutation, though rare in the general population, could have 
a dramatic impact on mucus composition, bacterial containment, and gluten-
sensitivity, thereby explaining the apparent dominant and high penetration 
inheritance pattern in our extended CD family. With both approaches we were 
not able to establish a genetic involvement of the SPINK genes tested. However, we 
cannot completely rule out the possibility of a rare non-coding mutation in SPINK4 
(outside the splice donor and acceptor regions) that might specifically segregate in 
this atypical CD family, characterized by an exceptional high prevalence of affected 
members. 
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Despite this negative result in the Dutch CD population, we cannot formally 
rule out the possibility of genetic contribution of SPINK genes to CD in other 
European populations like the Italian in whom, unlike the Dutch31, chromosome 
5q linkage was established32, 33. Genuine population heterogeneity has been 
reported before, e.g. between CARD15/NOD2 and Crohn’s disease34, 35, and 
between SPINK5 and asthma18, 36. The new SPINK members on chromosome 5q 
(SPINK5L2, SPINK6, SPINK5L3, SPINK7, and SPINK9) were not part of this study. 
Currently, no functional annotation is available for these genes that are located 
near SPINK1 and SPINK5 in a chromosomal region that appears to have been 
subjected to gene duplication during evolution. Therefore, we cannot exclude 
their possible involvement in coeliac disease or any other inflammatory disorder. 
Finally, the study presented here, based on high-throughput extraction of genetic 
information from a family of functional-positional candidate genes, could equally 
well be extended to scrutinize entire molecular pathways for causative genes and 
mechanisms of pathogenesis. 
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Supplementary figure 1. Relative expression of SPINK4 in normal controls (NC) and CD 
patients, either untreated (MIII), or on a gluten-free diet (MII-M0). Measurements were made 
in duplicate by qRT-PCR. All expression data were normalized to the averaged value of the 
seven normal controls. The GUSB gene was used as endogenous control in all tests. Error 
bars indicate standard deviations. 

Supplementary table 1. Primers and reaction conditions used for SPINK4 DNA  
sequence analysis

Exon Product 
length 
(bp)

5’-primer 3’-primer Input genomic 
DNA (ng)

1 287 TAAATAGGCCCCCATCCTTC CAGAACTTTCCCCAGCACAG 100

2 222 GCAGAAGCAGTCCTCAGACC AAGGTGTCTGAGCAGGATCG 100

3 382 TCTTCACTGGACCCACACTG GGGGCATATGTTGGAGGAC 100

4 278 GATGTCTGGATGGACTGTGC CTCCTATCCCCTCTGCAACC 100

Reactions were carried out in 20 ul volume containing 2 ul dNTPs (0.5mM), 0.3 ul of a homemade Taq poly-
merase, 1.2 ul of 25 mM MgCl2, 100 ng of each oligonucleotide primer, and 2 ul 10X PCR buffer. Cycling 
consisted of denaturation at 94°C for 7 minutes, followed by 32 cycles at 94°C for 30 seconds, 55°C for 30 
seconds, and 72°C for 1 minute. The final extension step was at 72°C for 4 minutes.
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The genomics approach, an evaluation
In this thesis we describe a genomics approach – an integration of genetics 
and gene expression profiling – taken to enhance our understanding of the 
pathogenesis of coeliac disease. Our initial intention was to compare genome-
wide linkage data with global gene expression profiles to identify candidate genes 
for genetic association studies (chapters 1 and 2). By pinpointing differentially 
expressed genes from within the linkage intervals, typically comprising hundreds 
of genes, we hoped to expedite the search for positional candidate genes, facilitated 
by bioinformatics tools like TEAM1. This approach was based on two premises:  
1) mutated or variant genes are differentially expressed; and 2) a sufficient number 
of linkage intervals are available to allow a logically connection by differentially 
expressed genes belonging to a single or limited number of molecular pathways. 
Although the concept is in principle useful, it was not applicable to our study on 
coeliac disease: 1) genes that were differentially expressed were not genetically 
associated; 2) genetically associated genes were not differentially expressed;  
and 3) linkage intervals in coeliac disease are generally too few in number, and too 
large in size, to warrant success. The inter-relationship between genetic variants 
and their effect on transcriptional levels of genes in a single pathway is probably far 
more complex and will require more sophisticated bioinformatics approaches than 
we had envisaged initially (see also the penultimate paragraph). 

If the genomics approach did not meet our initial expectations, was there in 
fact any additional value to this strategy? After having read the previous chapters 
you will not be surprised that the answer is affirmative. The identification of 
MYO9B by linkage analysis and fine-mapping by genetic association could only 
be fully appreciated in a functional context2, after more insight was gained into 
intestinal permeability and epithelial differentiation, inspired by our expression 
profiling studies (chapter 4). Moreover, recognition of the potential role of MYO9B 
in permeability encouraged us to conduct a genomics study of the entire tight-
junction gene network (section III). This yielded two more permeability-related 
candidate genes and much new information on the normal and pathological 
activity of this pathway in the duodenum. The notion that both coeliac disease and 
inflammatory bowel disease are marked by an impaired intestinal barrier led us to 
successfully test all three permeability genes in the latter disorder3 (chapter 7). 

The observations from our first microarray study, pointing towards the role 
of differentiation and proliferation (chapter 4), shaped our thinking on coeliac 
disease pathogenesis and paved the way for a far more elaborate and sophisticated 
expression study (chapter 5). This study compellingly demonstrated that the 
gluten-provoked inflammation induced arrested enterocyte differentiation, directly 
related to the diverse clinical symptoms seen in coeliac patients. In conclusion, 
the integration of genetics and gene expression profiling within a single genomics 
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approach helped to lay a solid foundation for the successful dissection of the coeliac 
disease pathogenesis. 

The epithelial trinity: differentiation, barrier maintenance, and polarity
The endoderm, in contrast to the stratified epidermis, consists of a single layer 
of epithelial cells, but it is still capable of performing many vital functions 
indispensable to its host. It provides the absorption of essential nutrients through 
the expression of transporters and metabolic enzymes. Specialized absorptive 
cells, the enterocytes, have an apical structure of microvilli (the brushborder) 
that facilitate this absorptive capacity by surface enlargement and transporter 
enrichment. Because of its close contact with the intestinal lumen and its contents, 
the epithelium is also strongly involved in the defense against harmful chemical 
agents and microbial invaders. For this purpose the epithelium is equipped 
with a number of defensive lines. Paneth cells at the bottom of the crypts 
produce antibiotic peptides: defensins and cathelicidins4, 5. Goblet cells along the 
crypt-villus axis produce mucins, which are also endowed with anti-bacterial 
characteristics6. Apical junctions between the epithelial cells, the tight junction and 
the adherence junction, prevent the influx of pathogens along the paracellular route 
into the lamina propria and the circulation7. The expression of a number of phase 
I and phase II detoxification genes like ABC transporters, cytochome P450 mono-
oxygenases, and conjugating enzymes, neutralize or excrete xeno- and endobiotics 
before they become harmful to the enterocyte or the organism as a whole8, 9. This 
multitude of specialized functions requires epithelial cells to be fully differentiated. 
A small number of stem cells at the bottom of the crypts, just above the Paneth 
cells, produce a regular stream of new epithelial cells. These migrate either to 
the bottom to differentiate into Paneth cells, or to the top to differentiate into 
enterocytes, goblet cells, and enteroendocrine cells10. Differentiation of enterocytes 
progresses as they migrate along the crypt-villus axis until they are shed from the 
villus tip into the lumen11. Inflammation of the gut, as in the case of the gluten-
precipitated interferon-gamma release, impedes this differentiation process and 
results in multiple functional defects associated with the clinical features of coeliac 
disease (chapters 3 and 5).

The paracellular route is safeguarded by the junctional complexes, of which 
the most apical one, the tight junction, is most important. The function of the tight 
junction is to: 1) control a selective paracellular flux of ions and macromolecules 
(intestinal permeability); 2) maintain polarity by forming a diffusion barrier 
between apical and basolateral transmembrane proteins; and 3) prevent entrance 
of pathogens and commensals along the paracellular route12. Tight junctions are 
formed by the transmembrane proteins occludin, junction adhesion molecules, 
and claudins13. Particularly the large claudin family provides differential selectivity 
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for ion transport in various tissues14. In this thesis (chapter 6) we show that the 
transcriptional regulation of particularly these claudins in coeliac disease patients 
show extreme differences, possibly related to the enhanced intestinal permeability 
(‘leaky gut’), so typical for this disorder. We also demonstrated that three pairs of 
claudins are co-regulated: in two pairs coinciding with a genomic juxtaposition, 
and in another pair probably due to functional constraints. We also provided, for 
the first time, a transcriptome of the tight junction gene network that included, 
in addition to transmembrane proteins, adaptors, signal transduction molecules, 
transcriptional regulators, and cytoskeletal proteins (chapter 6). From this it 
became apparent that the claudin composition in the small intestine, and thus its 
molecular-influx selectivity, has been preserved from the time that the ancestors of 
mice and man diverged, some 75 million years ago15-17. 

In this study we also observed high-level expression of RHOA, and cytoskeletal 
proteins. The small GTPase RhoA is involved in many biological processes including 
migration, differentiation, growth, and control of tight junctions18, 19. RhoA drives 
these processes through the regulation of the actinomyosin cytoskeleton20, 21. 
Activated RhoA leads to contraction of the actin fibers, thereby preventing the 
simultaneous formation of junctional complexes and cellular polarity22. Activation 
of RhoA has a weakening effect on the existing tight junctions by strengthening 
the forces pulling on them, resulting in enhanced permeability23. In this context 
it is worth mentioning the role of the gene MYO9B. Myosin IXB is an unconvent-
ional myosin that contains a RhoGAP domain that is probably involved in the 
inactivation of RhoA2, 24. A proper MYO9B activity may thus prove to be essential 
for a functional tight junction, and control of permeability. Previously we reported 
genetic association of MYO9B with coeliac disease that was confined to the  
3’-region of the gene that contains the RhoGAP domain2. A mutation in this 
domain might result in constitutively over-activated RhoA with an effect on the 
tight junction, cellular polarity, migration, and even differentiation. These are also 
the hallmarks of coeliac disease pathology. 

The relation between the tight junction, differentiation, and growth, goes 
beyond RhoA control. An essential constituent of the tight junction complex 
is the signaling cascade between the membrane and nucleus23. This intricate 
signaling network was also the subject of our transcriptome (chapter 6) and genetic 
association study (chapter 7). It has been reported that a flow of information 
travels between junctional complexes and the nucleus to control growth and 
differentiation19, 23. Tight junction proteins act as cell-contact sensors, promoting 
growth inhibition and cellular differentiation. 

Various leukocyte cell types also express tight junction proteins on their 
membrane25-28. This allows them to fuse with the tight junction and facilitate 
an efficient passage across the epithelial barrier. This has been described for the 
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extrusions of dendritic cells that sample antigen from the intestinal lumen for 
presentation to T-cells 29. In this respect the recent report that dendritic cells are 
the major antigen-presenting cells in the coeliac mucosal lesion is relevant30. The 
RhoA controlling activity of MYO9B and its association to coeliac disease might 
not only be relevant to the epithelial cells and the tight junction, but might also 
affect other cell types characterized by a dynamic cytoskeleton like neutrophils 
(diapedesis), T-cells (immune synapse), and dendritic cells (dendrites). 

Another intriguing observation was the activation of the growth factor 
gene EGF in untreated coeliac disease, which persisted in patients in remission 
(chapter 6). It has been amply documented that EGF protects the integrity of the 
epithelium and the tight junction31, 32. The EGF activation we observed may thus 
be a response of the intestinal mucosa to deal with the gluten-induced epithelial 
damage or restoration of the barrier function. In newborn rats, induction of a ‘flat’ 
and ‘leaky’ gut by combined interferon-gamma and gluten presentation can be 
prevented by feeding rat mother milk or EGF-supplemented formula milk, but not 
by formula milk alone33. Human newborns have a natural ‘leaky’ gut that persists 
for a relatively long time compared to other mammals34. Epidemiological studies 
have suggested the protective effect of breast-feeding probably due to the multiple 
growth factors contained in breast milk35, 36. 

In summary, epithelial differentiation, tight junction integrity, and 
maintenance of polarity are tightly integrated processes, partly controlled by the 
actinomyosin cytoskeleton with a prominent role for RhoA, and preserved by the 
action of EGF. 

Coeliac disease and inflammatory bowel disease: is there more than meets the 
eye?
Coeliac disease and inflammatory bowel disease (IBD) each seem to have attracted 
their own community of researchers. Although coeliac disease is about ten-fold 
more frequent in Western populations (~1% prevalence) than IBD, it is probably 
the more dramatic course of IBD, often requiring surgical intervention, that has 
made the latter draw more attention. But is this separation of the minds really so 
natural, or is it rather a result of a historical anomaly. I would argue for the latter. 
Admittedly, a gluten-induced absorption disorder of the small intestine does seem 
radically different to a spontaneous inflammation of the colon due to bacterial 
overgrowth. But since we are in general talking about the same organ, the intestinal 
tract, it should not come as a surprise that the two parts (the small intestine and 
the colon) may interfere with each other. 

Studies on the co-occurrence of the two disorders show that the frequency 
of IBD, comprised of Crohn’s disease and ulcerative colitis, is elevated in coeliac 
disease patients37-40, which may suggest that they do share at least some factors 
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in their pathogenesis. Genetic linkage studies show that coeliac disease and IBD 
share a common susceptibility region on chromosome 5q31-q33 and 19p1341. In 
this thesis we also demonstrated that two genes from the tight junction complex 
are genetically associated with both disorders. These genes are also involved in 
the formation and maintenance of cellular polarity. Interestingly, DLG5, a gene 
associated with IBD is also involved in polarity42, 43. This may suggest that similar 
pathways, although not necessarily identical genes, could be involved in both 
disorders. We have recently established genetic association of MYO9B with coeliac 
disease2 and IBD3, particularly ulcerative colitis. Also MYO9B is involved in the 
regulation of tight junction-mediated permeability through its effect on the actino-
myosin cytoskeleton via the small GTPase RhoA19, 24. It is particularly relevant 
that the genetic association studies point to the role of junctional complexes and 
polarity since both coeliac disease and IBD are pathologically characterized by 
enhanced intestinal permeability44, 45. 

As discussed earlier, differentiation, barrier function, and polarity, are tightly 
intertwined in epithelial cells. Inflammatory signals derived from cytokines like 
interferon-gamma in coeliac disease46, and both interferon-gamma and tumor 
necrosis factor-alpha in IBD47, are potent in inducing impaired differentiation, 
enhanced permeability, and decreased polarity. We have demonstrated in this 
thesis (chapter 5) that arrested terminal differentiation of enterocytes is a hallmark 
of coeliac disease. This is less evident for IBD, but the similarity between the two 
disorders as mentioned above may point to a similar phenomenon in IBD. In this 
respect it is relevant to take note of the impaired detoxification function in both 
coeliac disease (chapter 5) and IBD9. We explained this impairment by a generic 
loss of specialized enterocyte functions due to an incomplete differentiation. The 
detoxification impairment in IBD was interpreted as a defect in transcriptional 
regulators (e.g. the pregnane X receptor) with an effect on multiple downstream 
target genes48. Personally, I feel it is more likely that IBD, like coeliac disease, is 
characterized by an inflammation-induced loss of epithelial differentiation. 

In summary, coeliac disease and IBD share several characteristics: 1) they both 
involve the intestinal tract; 2) they co-occur in patients; 3) they are characterized 
by enhanced permeability; 4) they are genetically associated with the same tight 
junction genes; and 5) they are characterized by an impaired detoxification, 
probably due to a loss of differentiation. Clearly there are some differences: coeliac 
disease is precipitated by gluten peptides and is dominated by an HLA-DQ2 or 
-DQ8 mediated Th1 response, with a prominent role for IFNG but not TNF. In 
contrast, IBD is characterized by bacterial overgrowth partly due to defective 
NOD2/CARD15-mediated defensin functions49, 50, and an inflammation driven 
by IFNG and TNF. In conclusion, coeliac disease and IBD may both turn out to 
be inflammatory epithelial de-differentiation disorders, and differ mainly in the 
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initiators of the inflammation (gluten versus bacteria) and the intestinal location 
where these present maximally (duodenum versus colon). 

The Marsh story: a single pathology or ‘three strikes and you’re out’?
The histology of the coeliac disease mucosa is typically characterized by an 
infiltration with lymphocytes, both in the lamina propria and the epithelium, 
hyperplasia of the crypts of Lieberkühn, and atrophy of the villi. Marsh described 
the pathogenesis of coeliac disease by a successive increase of the initial 
lymphocytosis into crypt hyperplasia, ultimately leading to villous atrophy51. Later, 
the atrophic phase was further subdivided into partial, subtotal, and total villous 
atrophy, which particularly served diagnostic purposes52. This sequence of events 
in the pathogenesis is exactly mirrored when coeliac disease patients go on a 
gluten-free diet and traverse the same Marsh sequence in reverse order. Monitoring 
of the mucosal normalization by using the adapted Marsh nomenclature is an 
important tool for assessing the success of a gluten-free diet, or other treatments as 
in the case of refractory coeliac disease.

In chapter 3 we described the relation between the progression along the 
Marsh sequence and the level of inflammation as measured by IFNG expression, 
and observed a strong correlation between the two. We also noted that IFNG 
expression reaches a maximum level after which the villous atrophy still continues 
to progress from partial, to subtotal, to total. Apparently, progression of the villous 
atrophy is rather a matter of the length of time they are exposed to interferon-
gamma, than a further increase in the level of this exposure. In the same study 
we observed that the mucosa is not a homogenous tissue, but features a mosaic of 
gene expression. Intriguingly, this was the case in both the normal duodenum and 
in the coeliac duodenum, regardless of the Marsh stage. We, and other workers, 
observed that in some cases limited tissue heterogeneity is also present, usually 
spanning no more than two consecutive Marsh stages53-55. 

This led us to propose a model in which the basic heterogeneity in gene 
expression, under conditions of increasing inflammation, may transform into tissue 
patchiness in patients. This was also based on the fact that both tissue patchiness 
and gene expression heterogeneity existed on a similar level of resolution (< 5-
10 mm). The profile of IFNG expression is strongly correlated with the advance 
in tissue remodeling56. However, since not all tissue patches in the mucosa are 
exposed to the same level of interferon-gamma simultaneously, they do not 
always show the same Marsh histology. Therefore, we propose that the mucosa 
responds with a specific tissue remodeling only to certain ranges of interferon-
gamma concentrations. We demonstrated that this tissue response to IFNG 
expression is universal and independent of the patients or their diagnosis (coeliac 
disease, refractory coeliac disease, or dermatitis herpetiformis). With increasing 
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inflammation, mucosal cells may enter the next interferon-gamma concentration 
interval and the tissue responds with the next stage of remodeling. However, due to 
the mosaic pattern of IFNG expression, not all tissue patches are subjected to this 
change simultaneously and mucosal ‘patchiness’ is temporarily visible.

The contrast between discrete steps in mucosal remodeling and the gradual 
increase in gene expression was not exclusive for IFNG. On the contrary, the vast 
majority of the gene expression profiles were characterized by a gradual increase 
(chapters 3 and 5) or decrease (Diosdado, submitted) during mucosal recovery. 
So, if we do not observe Marsh stage-specific profiles for groups of differentially 
expressed genes, why do we see these so markedly dissimilar histological 
features? It may be that the changes that drive tissue remodeling are not caused by 
transcriptional changes but by other modes of molecular regulation. Alternatively, 
there may be molecular response elements that show different levels of sensitivity 
to similar inflammatory signals. These elements could belong to disparate 
molecular pathways, programmed to execute the three major morphological 
changes in the coeliac mucosa. In this respect we should not consider coeliac 
disease as a single pathology, but rather as three consecutively mobilized 
pathologies. It is worth noting that some patients never progress to the stage of 
villous atrophy57, or even crypt hyperplasia. Our results (chapters 3 and 5) suggest 
that these patients are true coeliacs, but they respond to gluten-containing food 
with an interferon-gamma level insufficient to traverse the entire Marsh sequence. 
However, due to the partial loss of enterocyte differentiation, which is proportional 
to the inflammation (chapters 3 and 5), they need to follow a gluten-free diet for 
optimal health. 

Coeliac disease is a ‘healthy’ disease
From an evolutionary point of view, the gut is the oldest organ in multi-cellular 
organisms and dates back to the Precambrian era, more than 600 million years ago. 
Because the endoderm provides direct access to the animals’ internal environment, 
it must have formed, from its earliest appearance, the major entrance for pathogenic 
and parasitic life forms. As time progressed, an evolutionary arms race between 
hosts and invaders will have led to the development of an integrated multi-faceted 
defense, consisting of innate and adaptive immunity, and cellular and physiological 
response mechanisms58, 59. Therefore, it may be fruitful to regard the pathological 
response to gluten peptides in coeliac disease in this evolutionary context. 

A typical reaction to gluten exposure in coeliac disease patients is the 
physiological response with diarrhea, and the morphological change to a ‘flat’ 
intestinal mucosa devoid of villi. Diarrhea is an efficient response to flush out 
pathogens, and is commonly associated with bacterial infections60. The atrophy 
of the villi appears to be a well-orchestrated morphological change, leading to a 
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smaller surface for pathogens and parasites to attack. It is important to realize 
that the entire surface of the intact intestine is half the size of a soccer pitch. 
Together, diarrhea and a flat mucosa will result in a diminished burden, if not a 
total eradication, of hostile invaders. However, there is a price to pay: diarrhea can 
lead to severe dehydration, while villous atrophy interferes with normal intestinal 
activities like nutrient absorption and enterotoxin excretion. Obviously, as an acute 
response, this may be an efficient way to cope with hostile invaders, but in the case 
of chronic exposure, for example dietary gluten in coeliac disease, it puts a heavy 
burden on the patient’s general condition. 

However, there is more to this than mucosal tissue remodeling and a 
physiological response. In chapter 5 we demonstrated that the inflammatory 
response and the villous atrophy are accompanied by arrested terminal 
differentiation of enterocytes. The clinical effects are comparable to, and have at 
least the same impact as that of, a ‘flat’ mucosa: impaired uptake and processing 
of sugars, fatty acids, peptides, sterols, iron, and water, and a loss in detoxification 
capacity. These are the molecular changes that we have observed on the level of 
gene transcription. However, it is likely that similar changes could result from 
protein regulatory mechanisms e.g. endocytosis, compartmentalization, and 
post-translational modification. So, what is the possible purpose and mechanism 
of this impaired enterocyte differentiation? Micro-organisms like bacteria61 and 
viruses60 use cell-specific attachment sites such as membrane-bound receptors to 
enter cells. Likewise, proteins of tight junctions and adherence junctions are used 
by pathogens to breach the epithelial barrier and take the paracellular passage to 
enter the internal environment and the circulation62. The loss of differentiation, 
and the concomitant reduced expression or allocation of proteins from the external 
membrane and the junctional complex, provides an efficient defense strategy 
against invaders. The trade-off is an impaired intestinal function with enhanced 
permeability, an undesired side effect of chronic infection or food intolerance. 

There is a strong correlation between impaired differentiation and villous 
atrophy on the one hand, and the extent of inflammation on the other (chapter 
3). It was reported that stem cells in the crypts of Lieberkühn display increased 
mitotic activity in response to a gluten-evoked inflammation63. This may result in 
accumulation of cells in the crypts (explaining the hyperplasia), but also accelerate 
the migration of epithelial cells along the crypt-villus axis. Accelerated migration 
might not allow developing enterocytes sufficient time to fully carry out their 
differentiation program before they reach the villus tip and are shed into the 
lumen. It is more difficult to imagine that this also results in villous atrophy. 

This ‘accelerated conveyer belt’ theory is an elegant way to explain the 
incomplete enterocyte differentiation and crypt hyperplasia controlled by 
the mitogenic property of interferon-gamma. The interferon-gamma-driven 
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inflammation might also activate a number of morphogenic pathways (e.g. Wnt, 
Notch, and Hedgehog) with an impact on villus morphology. Alternatively, we 
cannot rule out the possibility that impaired enterocyte differentiation is due to a 
partial de-differentiation program initiated by proinflammatory cytokines, but this 
requires further investigation. 

Finally, enterocyte apoptosis and necrosis in response to proinflammatory 
cytokines has been reported frequently in conjunction with coeliac disease64, 65. 
Enterocytes stressed by gluten exposure express MICA and HLA-E, thereby 
activating cytotoxic T-cells and transforming natural killer (NK) cells into NKT-
cells64. Activation of gluten-restricted CD4+ T-cells in the lamina propria releases 
interferon-gamma, and could be directly involved in epithelial damage. It is known 
from virus infections that apoptosis is an efficient way to eradicate infected cells 
to stop viruses from further spreading66. Similarly, gluten-peptides absorbed by or 
diffused into enterocytes might activate such a suicide mode. It is widely accepted 
that innate and adaptive immune responses evoke the coeliac lesions67. However, 
lesions in the sense of holes in the epithelial layer have not been convincingly 
demonstrated. On the contrary, gaps in the gut epithelial layer, induced by natural 
cell shedding (anoikis) or by artificial damage, appear to be sealed efficiently to 
prevent leakage or pathogens passing across the barrier68. Even more improbable, 
in my opinion, is that villous atrophy is the result of massive apoptosis. 

In conclusion, the gluten-precipitated immune response in coeliac disease 
sets in motion a series of events that make sense in the context of an evolutionary 
program developed for viral, bacterial, and parasitic containment. This emergency 
response leads to collateral damage that is acceptable as long as it is only 
temporary. The similarity between coeliac disease, tropical sprue69, and tropical 
enteropathy70 is striking, and may hold the key to understanding why, in some 
individuals, gluten leads to a pathological response that seems as familiar as a 
fight between two old enemies. In this respect it is enlightening to refer to coeliac 
disease as a ‘healthy’ disease: a proper response but against the wrong foe. 

The future is now
Gene expression studies have come of age with the development of global gene 
sets like the Operon oligonucleotide microarray that we have used in this work, 
or the platforms provided by Agilent, Affymetrix and Illumina. The resolution 
of gene expression studies can be further enhanced by using laser capture 
microdissection71, or even single-cell isolations coupled to RNA-amplification 
procedures72. However, the results described in chapter 5 show that a vast amount 
of information can be obtained from a single cell layer contained within a mixed 
tissue sample, without resorting to micromanipulation. 
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Genetic association studies will be dramatically accelerated by the combined 
availability of linkage-disequilibrium maps produced by the International HapMap 
Project73, and genome-wide SNP sets (Illumina Sentrix HumanHap550; Affymetrix 
GeneChip® Human Mapping 500K Array Set). Complex genetic disorders may be 
characterized by a few genes with relatively high odds ratios (e.g. HLA and MYO9B 
in coeliac disease), and many more susceptibility-enhancing genes with much 
lower odds ratios. High-efficacy approaches will therefore require the assembly of 
large patient cohorts, although the potential risk of population stratification will 
always be lurking in the background. The near future will soon reveal the success 
rate and impact of new gene discoveries. However, a major problem of the results 
from current and future genetic association studies might be how to translate these 
into functional significance and patient counseling.

An interesting new development is that of genetical genomics: the application 
of high-throughput genetics and gene expression measurements for the 
identification of variants and QTL loci that control the expression of their own (cis) 
or other (trans) genes74. Processing large data streams and integrating them into 
functionally annotated gene networks will demand much from bioinformatics. The 
development of bioinformatics tools to manage and integrate the avalanche of data 
from genetical genomics and proteomics into comprehensive system biology will be 
the major challenge for the near future.

Directions for further research
The gluten-evoked inflammation in coeliac disease initiates a cascade of events 
that leads to mucosal remodeling and arrested enterocyte differentiation. However, 
how the emitted inflammatory signals influence the morphogenic program in 
the mucosa is largely unknown. It would be interesting to examine the role of 
the myofibroblast surrounding the crypts e.g. by expression profiling and Laser 
Capture Microscopy to identify which molecular pathways are activated. The 
inflammation affects mainly the terminal differentiation of enterocytes. Whether 
this is an indirect consequence of enhanced mitotic activity in the crypts and 
accelerated cell migration, or that there is a direct effect of inflammatory signals 
on enterocyte differentiation remains to be established. Manipulation of cell 
proliferation in the crypts in experimental animals by means of non-inflammatory 
signals might provide this information. Further insight in the differentiation 
gene network might be obtained by inactivation of TM4SF4. This gene has anti-
proliferative and pro-differentiation properties and is differentially expressed in 
coeliac disease. Construction of cell lines with RNAi or conditional KO mice with 
inactivated TM4SF4 could clarify its morphogenic role and may further facilitate 
identification of up- and down-stream genes in this differentiation pathway. The 
effects may be assessed by (immuno)histochemistry and gene expression profiling. 
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In addition to the arrested differentiation of enterocyte, also the loss of villi might 
be the consequence of increased cell proliferation and migration. Alternatively, 
other mechanisms should be considered including changes in the villus actin-
myosin structure, induced vasoconstriction, or a pressure drop in the micro-lymph 
system. In addition to coeliac disease, also IBD was characterized by an impaired 
detoxification system, probably likewise due to an epithelial differentiation defect. 
It would be worthwhile to examine this in closer detail and determine which 
other genes and pathways may be affected and whether clinical features might be 
implicated. The defect in the detoxification system, both in coeliac disease and IBD, 
may affect the viability of the enterocytes and may also pose a risk to neoplastic 
transformation. Assessment of the mutation rate in such impaired epithelial cell 
may shed further light on this potential risk.  
 In studies executed parallel to this thesis we have identified the MYO9B 
gene as a susceptibility gene for coeliac disease and IBD in the Dutch population. 
By using a strategy of molecular pathway analysis we also identified two tight 
junction genes giving enhanced risk for coeliac disease and IBD. These three 
genes may contribute to disease susceptibility by weakening the intestinal barrier. 
However, since Rho-GAP domain of MYO9B could be involved in the cytoskeletal 
changes in several cell types, also other mechanisms than a barrier defect should 
be considered. Generation of a conditional KO mouse strain with a deleted MYO9B 
gene may reveal which cell types are affected, and what the physiological effect 
of this impairment may be. Likewise, an RNAi-mediated MYO9B knockout in 
cell lines may facilitate the identification of members up- and downstream in the 
MYO9B pathway by e.g. gene expression profiling. Furthermore, protein-protein 
interaction assays may identify new MYO9B binding proteins. Although the 
association studies suggest genetic involvement of tight junctions in coeliac disease 
(and IBD) pathogenesis, it is not clear whether the assumed permeability increase 
has a direct or indirect effect on disease risk. Gluten may thus find easier access 
via the paracellular route to the lamina propria to trigger an adaptive immune 
response. Alternatively, bacteria or viruses might take advantage of a genetically 
impaired intestinal barrier and the ensuing immune response may sensitize the 
mucosa for gluten. It is therefore important to determine the entrance route of 
gluten in the intestine.

Analysis of a complete molecular pathway to identify susceptibility genes 
turned out to be a successful approach in the case of the tight junction genes. 
A similar strategy could be adopted for other pathways, including that of the 
immune-synapse and –signaling, or the cytoskeleton. The advent of genome-wide 
SNP analyses may soon make this pathway-directed strategy obsolete and may lead 
to the identification of molecular pathways and at-risk genes not considered yet.   
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Coeliac disease is a common food intolerance in Western populations, in which 
it has a prevalence of about 1%. In early infancy, when the transition is made to 
a gluten-containing diet (particularly wheat-derived products), the disease may 
manifest with fatty diarrhea, belly cramps, and abdominal distention. In nearly 
all cases these clinical symptoms disappear when patients adhere to a (life-long) 
gluten-free diet. However, in modern societies with a high standard of pediatric 
care, the proportion of patients that present with coeliac disease as an adolescent 
or adult is progressively growing. In these age groups coeliac disease patients 
show less specific clinical features like fatigue, anemia, osteoporosis, short stature, 
dermatitis herpetiformis (coeliac disease of the skin), and possibly reproductive 
failure. Whatever the clinical presentation of coeliac disease may be, it is always the 
result of an intestinal inflammation provoked by dietary gluten. This inflammation 
leads to typical changes in the intestinal mucosa: the infiltration of lymphocytes 
into the epithelial layer and the deeper tissue layer (lamina propria); enlargement 
of the crypts between the villi (crypt hyperplasia); and disappearance of the villi 
(villous atrophy). Thus, the intestine gets the appearance of a ‘flat’ mucosa. The 
inflammation also changes the permeability of the intestinal epithelial barrier for 
salt and sugar molecules (referred to as a ‘leaky gut’). The loss of the villi results in 
a dramatic reduction of the absorptive surface of the intestine, leading to micro- 
and macro-nutrient deficiency that results in the various chronic health problems 
of untreated coeliac disease patients. 

Coeliac disease is a multifactorial disorder, which means that it is caused by 
the interaction of environmental factors (e.g. gluten; breast feeding; infections) and 
heritable factors (susceptibility genes). The genetic component of coeliac disease 
is apparent from the enhanced risk of siblings when one sib is affected, and from 
comparisons between monozygous and dizygous twins. Patients with autoimmune 
diseases also have an increased risk of developing coeliac disease, suggesting 
that these diseases share common risk genes and causative mechanisms. The 
main genetic risk factor for developing coeliac disease is the presence of major 
histocompatibility complex (MHC) genes on chromosome 6p21.3 that code for 
the heterodimer HLA-DQ2 or HLA-DQ8. However, the presence of the MHC 
genes coding for these HLA molecules contribute just 40% of the genetic risk. 
The presence of these gene variants is necessary, but not sufficient, to develop 
the disease. Coeliac disease is a complex genetic disorder, meaning that multiple 
genes are involved in the pathogenesis, each making a minor contribution to the 
susceptibility. The identity of these genes, their total number, and the combinations 
in which they occur is, for the most part, an enigma. In this thesis we describe a 
combination of genetics and gene expression profiling used to identify genes and 
molecular pathways that contribute to the cause and pathology of coeliac disease.
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Chapters 1 and 2 provide additional background information on coeliac disease 
in general and an overview of the various genetic approaches that have been 
employed. In addition, gene expression profiling is discussed as a method to 
gain insight into the pathology that may aid the genetic studies through the 
identification of molecular pathways affected by the disease. The integration of both 
genetics and genomics is emphasized to facilitate the identification of candidate 
genes and gene networks involved in the pathogenesis. 

In section II the application of high-throughput technologies is presented 
for the study of gene expression in the duodenal mucosa of coeliac disease 
patients. In chapter 3 we examined the effect that tissue heterogeneity may have 
on the assessment of gene expression measurements. We observed that mucosal 
inflammation and differentiation (represented by IFNG and TM4SF4 expression, 
respectively) were inversely correlated, and dependent on the extent of the mucosal 
restructuring. Interestingly, variability in gene expression between separately 
sampled biopsies derived from one individual was more or less independent of the 
variation in the histology of the same samples. This variation in gene expression 
between samples was present, and even comparable in size, in control samples. 
In other words, gene expression variation is present regardless of the pathological 
stage. This led us to propose a model where gene expression mosaicism in the 
duodenum under conditions of changing inflammation may give rise to tissue 
heterogeneity (‘patchiness’).

Chapters 4 and 5 describe the use of microarrays to study genome-wide 
gene expression in the duodenums of coeliac disease patients. These two studies 
differed in the microarray platform (cDNA versus oligonucleotides) and the 
type of patient samples used (case-control versus remission sequence). The two 
sets of differentially expressed genes thus obtained had hardly any overlap, 
although the biological processes they represent were comparable. The alterations 
induced by the pathology of coeliac disease point to an enhanced proliferation 
in the mucosa and an arrest in the terminal differentiation of enterocytes. This 
impaired differentiation particularly affected the uptake and processing of lipids, 
sterols, sugars, peptides, and iron. These deficiencies might contribute to the 
diverse clinical features seen in coeliac disease. We also observed an impaired 
detoxification system that was previously also described for inflammatory bowel 
disease (IBD). This may suggest that, like coeliac disease, IBD is also characterized 
by a differentiation defect.

In section III we describe how molecular pathway analysis was applied to 
conduct genetic (chapter 6) and gene expression studies (chapter 7). Based on 
the altered intestinal permeability in coeliac disease patients, and the previously 
identified susceptibility gene MYO9B, we focused on the tight junction gene 
network. The expression pattern of genes of the claudin family appeared to have 
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been evolutionary conserved for over 75 million years. Three pairs of claudins 
showed tight co-regulation. Patients showed variable patterns of claudin gene 
expression marked by extreme outliers. Particularly genes involved in signal 
transduction and regulation of the cytoskeleton showed trends of changed gene 
expression. We also observed a remarkable induction of the growth factor EGF 
in patients. The genetic association study of the same gene network was based on 
the use of single nucleotide polymorphisms (SNPs) and information on linkage 
disequilibrium from the International HapMap Consortium. We identified two 
tight junction genes that were associated with coeliac disease, and to a lesser extent 
with IBD. This suggests that both gastrointestinal disorders, coeliac disease and 
IBD share a genetic barrier defect. 

The adaptive immune response provoked by gluten in coeliac disease patients 
is characterized by a T helper cell type 1 reaction in which interferon-gamma 
plays a pivotal role. In section IV in which we examine candidate genes related to 
the immune defense, we describe the genetics and gene expression of the IFNG 
gene. In chapter 8 we demonstrate that the extent of the mucosal remodeling is 
correlated with the level of IFNG gene expression. However, the genetic study 
performed with the CA-repeat from the first intron of IFNG, a commonly used 
marker for this gene, showed no genetic association in our population of Dutch 
patients. In chapter 9 we re-examine the IFNG gene, but now by using SNP 
markers and could demonstrate that this gene is weakly associated with coeliac 
disease in the Dutch population. Finally, we performed a genetic and gene 
expression study on four members of the SPINK (serine protease inhibitors of 
the Kazal type) gene family. SPINK genes are involved in tissue preservation and 
bacterial containment, and could therefore be considered as part of the innate 
immune system. Three of these SPINK genes mapped to two candidate regions 
for coeliac disease (chromosomes 5q32 and 9p21-13), which made them attractive 
positional and functional candidate genes. None of these SPINK genes, however, 
showed genetic involvement to coeliac disease in the Dutch population.

Finally, in the General Discussion, we evaluate our approach and our 
interpretations of the data, which are than incorporated in possible models of the 
pathogenesis of coeliac disease.  
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Coeliakie is binnen de Westerse samenleving een veelvoorkomende 
voedingsintolerantie en heeft een prevalentie van ongeveer 1%. In de vroege 
kindertijd, wanneer een overgang wordt gemaakt naar glutenbevattend voedsel 
(m.n. tarwegerelateerde producten),  manifesteert de ziekte zich middels vette 
diarree, buikkrampen, en een opgezette buik. In haast alle gevallen verdwijnen 
deze klachten als de patiënten overgaan op een glutenvrij dieet. Echter, in 
moderne samenlevingen die gekenmerkt worden door een hoge standaard van 
pediatrische  zorg, is er een toenemende groei waarneembaar van patiënten 
die coeliakie vertonen als adolescent en volwassene. In deze leeftijdsgroepen 
vertonen coeliakiepatiënten minder specifieke klinische verschijnselen zoals 
oververmoeidheid, bloedarmoede, botontkalking, groeiachterstand, dermatitis 
herpetiformis (coeliakie van de huid) en mogelijk ook voortplantingsproblemen. 
Ongeacht de klinische presentatie van coeliakie, zij is het gevolg van een door 
gluten veroorzaakte ontsteking van de dunne darm. Deze ontsteking leidt 
tot de kenmerkende veranderingen in het slijmvlies (mucosa) van de dunne 
darm: infiltratie met lymfocyten in het epitheel en de dieper gelegen lamina 
propria; vergroting van de tussen de darmvlokken (villi) gelegen crypten (crypt 
hyperplasie); en het verlies van de darmvlokken (villeuze atrofie). Zo krijgt de 
darm het uiterlijk van een ‘gladde darm”. Deze ontsteking veroorzaakt ook een 
verhoogde doorlaatbaarheid van de darmwand voor zouten en suikermoleculen (de 
zgn. ‘lekke darm’). Het verlies aan darmvlokken heeft een dramatische afname van 
het opnameoppervlakte tot gevolg en leidt tot voedingdeficiëntie in onbehandelde 
patiënten, resulterend in een gevarieerd beeld van chronische gezondheidsklachten. 

Coeliakie is een multifactoriële ziekte, wat betekent dat het wordt veroorzaakt 
door een interactie van omgevingsfactoren (bijv. gluten; borstvoeding; infecties) and 
erfelijke factoren (risicogenen). De genetisch bedrage aan coeliakie komt duidelijk 
aan het licht door het verhoogde herhalingsrisico bij nakomelingen waarvan er 
één is aangedaan, en door het vergelijken van het risico bij eeneiige en twee-eiige 
tweelingen. Ook patiënten met een auto-immuunziekte hebben een verhoogde kans 
om coeliakie te ontwikkelen, wat duidt op gedeelde risicogenen en veroorzakende 
mechanismen. De belangrijkste risicofactoren om coeliakie te ontwikkelen zijn 
de genen gelegen binnen het MHC-complex op chromosoom 6p21.3 die coderen 
voor de heterodimeren HLA-DQ2 en HLA-DQ8. De aanwezigheid van de MHC-
genen die coderen voor deze HLA moleculen dragen ‘slechts’ voor 40% bij aan het 
totale genetische risico. De aanwezigheid van deze genvarianten is noodzakelijk, 
maar niet afdoende om coeliakie te ontwikkelen. Coeliakie is een complexe 
genetische aandoening, wat betekent dat meerdere genen, elke met een bescheiden 
risicobijdrage, betrokken zijn bij het ontstaan van de ziekte. De identiteit van 
deze genen, hun totale aantal, en de combinatie waarin zij voorkomen is voor het 
grootste deel nog een raadsel. In dit proefschrift hebben we gebruik gemaakt van 
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een combinatie van genetische en genexpressie methoden om genen en moleculaire 
paden te identificeren die bijdragen aan de oorzaak en de pathologie van coeliakie.

De hoofdstukken 1 en 2 verschaffen meer achtergrondinformatie over coeliakie 
in het algmeeen en verder een overzicht van de diverse methoden voor 
genetisch onderzoek die eerder zijn toegepast. Verder wordt het vaststellen van 
genexpressieprofielen besproken als methode om inzicht te verkrijgen in de 
pathologie. Middels de identificatie van door de ziekte beïnvloede moleculaire 
paden kan dit een bijdrage leveren aan genetische studies. Nadruk wordt gelegd op 
de integratie van genetica en ‘genomics’ voor de identificatie van kandidaatgenen en 
gennetwerken die betrokken zijn bij de pathogenese.

In sectie II worden ‘high-throughput’ technologieën toegepast voor het 
bestuderen van genexpressie in de mucosa van de duodenum (twaalfvingerige 
darm) in coeliakiepatiënten. In hoofdstuk 3 hebben we het effect onderzocht dat 
weefselheterogeniteit mogelijk zou hebben op het vaststellen van genexpressie. 
Waargenomen werd dat de mate van ontsteking en de differentiatiegraad van 
de mucosa (weergegeven door de expressie van IFNG, respectievelijk TM4SF4) 
omgekeerd evenredig waren en afhankelijk van de mate van weefselveranderingen 
in de mucosa. Opmerkelijk genoeg was de variatie in genexpressie tussen 
afzonderlijke monsters van dezelfde persoon min of meer onafhankelijk van de 
variatie in weefselstructuur van dezelfde monsters. Deze variatie in genexpressie 
was ook aanwezig, en in de zelfde mate, in controle monsters. Dus, variaties in 
genexpressie zijn aanwezig ongeacht het pathologisch stadium van de darm. 
Dit heeft geleid tot het poneren van een model waarin een mozaïek patroon 
van genexpressie in de duodenum kan resulteren in weefselheterogeniteit o.i.v. 
veranderingen in de ontstekingsgraad.

Hoofstukken 4 en 5 beschrijven het gebruik van microarrays* voor 
de bestudering van genoomwijde genexpressie in de duodenum van 
coeliakiepatiënten. De twee studies verschilden in het type microarray (cDNA of 
oligonucleotiden) en het soort patiëntenmonsters (patiënt-controle of herstelreeks) 
dat werd gebruikt. De twee groepen van differentieel tot expressie komende 
genen was nauwelijks overlappend, hoewel de biologische processen die ze 
vertegenwoordigden wel vergelijkbaar waren. De veranderingen geïnduceerd 
door coeliakie wijzen op een verhoogde celdeling in de mucosa die gepaard 
gaat met een onvolledige ontwikkeling van de darmcellen (enterocyten). Dit 
ontwikkelingsdefect verstoort m.n. de opname en verwerking van vetten, sterolen, 
suikers, eiwit(fragmenten), en ijzer. De resulterende deficiënties dragen mogelijk 
bij aan het gevarieerde klinische beeld van coeliakie. Ook werd aantasting van 
het ontgiftingssysteem waargenomen dat reeds eerder was beschreven voor dikke 
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darmontstekingen (IBD). Mogelijk wordt IBD net als coeliakie gekenmerkt door een 
defect in de ontwikkeling van darmcellen.

In sectie III bespreken we de analyse van moleculaire paden bij de uitvoering 
van genetische (hoofdstuk 6) en genexpressie (hoofdstuk 7) studies. Hierbij 
richtten we ons op het ‘tight junction’ gennetwerk, dit mede gebaseerd op de 
verhoogde darmpermeabiliteit in coeliakiepatiënten en het eerder geïdentificeerde 
risicogen MYO9B. Het expressiepatroon van genen uit de claudin-familie bleek 
geconserveerd te zijn gebleven gedurende minstens 75 miljoen jaren van evolutie. 
Drie paren van claudin-genen vertoonden een synchrone regulatie. Patiënten 
lieten dynamische patronen van claudin genexpressie zien met vaak opmerkelijk 
afwijkende waarden. Met name genen betrokken bij signaaloverdracht en 
regulering van het celskelet vertoonden de tendens tot verandering in genexpressie. 
Patiënten gaven ook een opmerkelijke verhoging in expressie van het groeifactorgen 
EGF te zien. Hetzelfde gennetwerk werd ook onderzocht voor genetische associatie 
waarbij gebruik gemaakt werd van varianten van enkelvoudige nucleotiden  (SNPs) 
en informatie over de ‘linkage disequilibrium’ structuur van het genoom afkomstig 
van het International HapMap Consortium. Twee ‘tight junction’ genen werden 
geïdentificeerd die geassocieerd bleken met coeliakie, en in mindere mate ook met 
dikke darmontsteking (IBD). Mogelijk delen beide darmaandoeningen, coeliakie en 
IBD, een genetisch defect in de darmbarrière. 

De adaptieve respons van het immuunsysteem in coeliakiepatiënten, 
opgeroepen door gluten, wordt gekarakteriseerd door een T helpercel type 1 
activatie waarbij interferon-gamma een cruciale rol speelt. In sectie IV waar we 
kandidaatgenen onderzoeken met betrekking tot immuniteit, beschrijven we de 
genetica en genexpressie van IFNG. In hoofdstuk 8 laten we zien dat de mate 
van weefselverandering in de mucosa gecorreleerd is met het niveau van IFNG 
genexpressie. Een studie uitgevoerd met de ‘CA-repeat’ uit het eerste intron van 
het IFNG gen (een veelgebruikte merker), vertoonde geen genetische associatie 
binnen onze Nederlandse patiëntengroep. In hoofdstuk 9 werd het IFNG gen 
weer getest, maar nu met SNP merkers, en werd een zwakke genetische associatie 
aangetoond met coeliakie binnen de Nederlandse bevolking. Tot slot hebben we 
ook een genetische en genexpressiestudie uitgevoerd naar vier leden uit de familie 
van SPINK (serine protease remmers van het Kazal type) genen. SPINK-genen 
zijn betrokken bij bescherming van weefsels en inperking van bacteriële groei, en 
kunnen worden beschouwd als onderdeel van de aangeboren immuniteit. Drie 
van deze vier SPINK genen liggen binnen twee kandidaatgebieden voor coeliakie 
(chromosomen 5q32 en 9p21-13), wat hun tot aantrekkelijke positionele en 
functionele kandidaatgenen maakte. Echter, geen van deze SPINK-genen  bleek 
genetisch geassocieerd met coeliakie binnen de Nederlandse bevolking. 
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Ter afsluiting wordt in de Discussie een evaluatie gegeven van onze 
onderzoeksbenadering met interpretaties van de behaalde resultaten in de context 
van andere onderzoeken. Deze worden dan verwerkt in modellen m.b.t. de 
mogelijke oorzaak en het verloop van de ziekte coeliakie. 

*) microscopisch kleine druppeltjes met het DNA van meer dan 20.000 afzonderlijke 
genen, aangebracht op vlakke glaasjes en geordend in een rasterpatroon)
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